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Crystalline colloidal array (CCA) photonic crystals (PCs) are periodic structures formed by the 
self-assembly of monodisperse, highly-charged particles in low ionic strength aqueous solutions. 
Similar to an atomic crystal but with much larger lattice spacings, the CCA can efficiently 
diffract light in the UV, visible and near-IR spectral regions.  
This thesis reports the development of new CCA materials, novel CCA Bragg diffraction 
devices, and utilization of CCA PC templates for new nanostructure and nanomaterial 
fabrication. We use CCA for development of a CCA deep UV narrow band filter that acts as a 
Rayleigh rejection filter for UV Raman spectroscopy and for templates for solid-state UV Raman 
cross section determinations.  
We developed novel CCA PC deep UV Bragg diffraction devices. We synthesized small, 
monodisperse, highly surface-charged silica particles and prepared novel silica CCA through the 
self-assembly of these particles. The silica CCA efficiently Bragg diffract light in the deep UV. 
The diffracted wavelength was varied by tilting the CCA orientation to the incident beam. We 
demonstrated the utility of the silica CCA filter as a Rayleigh rejection filter in Teflon UV 
Raman measurements. 
We conducted the first resonance Raman cross-section measurements of solids that 
avoids self-absorption bias by using PC templates. We fabricated complex stoichiometrically 
defined nanoparticles (NaNO3/Na2SO4 nanoparticles) by utilizing the defined interstitial volume 
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Luling Wang, PhD 
University of Pittsburgh, 2012 
 
 v 
of close-packed PCs. We successfully determined the solid-state NaNO3 UV resonance Raman 
cross-sections by using solid Na2SO4 as an internal standard. We also developed a refractive-
index matching method to measure solid-state Na2SO4 UV Raman cross sections that avoids the 
effect of the local field and avoids interface scattering of the incident light.  
We developed a facile method to fabricate silica shell PCs through the use of flexible 
poly(N-isopropylacrylamide) (PNIPAm) core templates. We synthesized monodisperse 
PNIPAm-silica core-shell particles and demonstrated their reversible swelling and shrinking as 
the temperature is cycled. We fabricated close-packed PCs of PNIPAm-silica core-shell particles 
and further fabricated hollow silica shell PCs by removing the PNIPAm cores by calcination.  
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1.0  INTRODUCTION 
Photonic crystals are of great interest because they can be used to control and manipulate the 
propagation of light.
1-11
 In 1987, Yablonovitch
12
 and John
13
 theoretically predicted that structures 
with periodic variations in dielectric constant could profoundly impact the propagation of light in 
materials. Photonic crystals are composed of spatially periodic structures of varying refractive 
indices that affect the propagation of electromagnetic radiations.
14
 Similar to a semiconductor 
having a bandgap between the conduction and valence bands, photonic crystals have photonic 
bandgaps that prevent light from propagating in certain directions with specified frequencies (for 
instance, a certain range of wavelengths, or colors of light).
2, 14, 15
 Photonic bandgap structures 
have been developed for many applications such as optical filters,
16-18
 optical switches,
19-22
 
sensors,
23-26
 coatings,
27-29
 control of spontaneous emission,
30
 lasers,
31, 32
 on-chip optical 
circuitry,
33, 34
 and fiber optics.
35, 36
 
Over the past two decades, many methods have been developed to fabricate photonic 
crystals with one-, two- or three-dimensional periodicities at different length scales.
4-6, 37-50
 These 
methods include holographic lithography,
40, 41
 chemical vapor deposition,
47, 48
 electrochemical 
etching,
49, 50
 layer-by-layer stacking,
45, 46
 and colloidal particle self-assembly.
4, 6, 8, 42-44
 Photonic 
crystals that operate from the UV to visible range made through colloidal particle self-assembly 
have attracted great attention because of their low cost and facile fabrication compared to those 
fabricated using other nanostructure fabrication methods.
3, 4, 6, 42, 43
 The photonic crystals 
  2 
fabricated by colloidal self-assembly are usually called colloidal photonic crystals or crystalline 
colloidal array (CCA) photonic crystals.  
The Asher Research Group at the University of Pittsburgh has made significant 
contributions to design, fabrication, and applications of diverse CCA photonic crystals.
21, 42, 43, 51-
63
 These CCA photonic crystals have also been polymerized within hydrogels to form 
polymerized CCA (PCCA) that optically report (i.e. color change or wavelength shift) the 
hydrogel volume changes in response to targeted analytes.
23-26, 64-72
 Recently, the Asher group 
developed a facile method to fabricate 2-D photonic crystals and utilized 2-D photonic crystals 
for sensing applications.
73,74
 The photonic crystal research by other groups is summarized in 
Table 1-1. 
  3 
 
Table 1-1 Summary of Photonic Crystal Research from Other Groups 
Research Group Institution/University Photonic Crystal Research 
The Sailor Group 
University of California, 
San Diego 
“Smart dust” (porous Si photonic crystal 
particles) for sensing of organic vapors.
9, 75, 76
 
The Norris Group University of Minnesota 
Convective assembly method for colloidal 
photonic crystals.
6, 77
 
The Stein Group University of Minnesota 
Colloidal crystal templates for inverse opals 
(three-dimensionally ordered macroporous 
structures).
 78, 79
 
The Braun Group 
University of Illinois at 
Urbana-Champaign 
3-D colloidal photonic crystals for solar 
cell
80
 and optoelectronic device 
applications.
81
 
The Cunningham 
Group 
University of Illinois at 
Urbana-Champaign 
Photonic crystals for biosensing 
applications.
82
 
The Lyon Group 
Georgia Institute of 
Technology 
Microgel colloidal crystals 
8
 
The Yin Group 
University of California, 
Riverside 
Self-assembly method for magnetically 
responsive photonic crystals.
3
 
The Jiang Group University of Florida 
Spin-coating technique to fabricate colloidal 
photonic crystals for coating and sensing 
applications.
83, 84
 
The Bartl Group University of Utah 
Titania inverse opals fabricated by the 
combination of self-assembly and sol-gel 
chemistry.
85
 
The Zhao Group 
National University of 
Singapore 
Colloidal photonic crystals for novel porous 
materials fabrication and applications.
86
 
The Gu Group 
Southeast University 
(China) 
Tunable photonic materials for multiplex 
biomolecular detection based on photonic 
crystals.
87, 88
 
The Jiang Group 
Chinese Academy of 
Sciences Beijing 
Bioinspired colloidal photonic crystals 
development.
89, 90
 
The Ozin Group University of Toronto 
Opal-patterned chips by using colloidal 
crystal assembly in silicon wafers.
91
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1.1 LIGHT DIFFRACTION FROM PHOTONIC CRYSTALS 
1.1.1 Bragg’s Law 
The diffracted light from photonic crystals closely follows Bragg’s law.92, 93 As shown in Fig. 
1.1, the incident waves are reflected specularly from parallel planes spaced a distance d apart. 
The path difference between adjacent planes is 

2dsin , where 

  is the glancing angle. The 
diffracted beam occurs when the scatterings from parallel planes of atoms or colloidal particles 
interfere constructively. This occurs when the path differences are an integral number m  of 
wavelengths 

 , as shown in eqn. 1-1: 92, 93  
 
                                                 md sin2                                                         (1-1) 
  5 
Figure 1.1 Derivation of Bragg’s law. 
  6 
 
1.1.2 Experimental Measurements of Photonic Crystal Light Diffraction 
The light diffraction from the photonic crystals can be measured either by reflectance or 
transmission. For the reflectance, fiber optics (Ocean optics, Inc.) are used to measure the 
diffracted beam intensity as shown in Fig. 1.2 a. The fiber probe is a six-around-one probe that 
produces excitation with white light from a closely surrounding set of six fibers and collects the 
back-diffracted light with a center fiber. For transmission, we use a UV-Vis spectrophotometer 
(Cary 5000, Varian, Inc.) to measure the intensity of the transmitted beam in the photonic crystal 
light diffraction process as shown in Fig. 1.2 b. A narrow and sharp diffraction peak will be 
observed in both cases if the photonic crystal is highly ordered and shows little absorption of 
light.
55, 93 
 
  7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 1.2 (a) Reflectance and (b) transmission measurements of photonic crystal light diffraction. 
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1.2 CCA PARTICLE SYNTHESIS AND SELF-ASSEMBLY 
In 1969, Krieger et al.
94, 95
 found that highly charged monodisperse colloidal particles with 
covalently attached ionizing groups would self-assemble into highly ordered, non-close-packed 
three-dimensional arrays, now known as CCA. This self-assembly minimizes the total 
interparticle electrostatic repulsive energy of the system by forming either a body-centered cubic 
(BCC) or face-centered cubic (FCC) structure (Fig. 1.3).
93, 94, 96-98
 The CCA orient with their 
highest particle density lattice planes (BCC (110) or FCC (111) planes) parallel to the container 
walls.
63, 99, 100 
 
  9 
 
                                
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 (a) BCC and (b) FCC structures. 
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The potential energy of interaction between colloidal particles can be described by 
Dejaurin, Landau, Verwey and Overbeek (DLVO) theory that combines the effects of the 
electrostatic repulsion and the van der Waals forces.
101-104
 Since the CCA particles have high 
surface charge, the major interparticle interactions in the CCA dispersion are caused by a 
screened Coulomb repulsive potential U(r) described in eqn. 1-2, where r is the center-to-center 
distance between the two particles, Z is the number of charges per particle, e is the electron 
charge, a is the radius of the particle, and ε is the dielectric constant of the dispersion medium. 
The Debye-Hückel screening length κ-1 is defined in eqn. 1-3, where kB is Boltzmann constant, T 
is the temperature, np is the particle concentration, npZ is the counter ion concentration, and ni is 
the ionic impurity concentration (assumed to be monovalent).
105 
 
The electrostatic repulsive force decreases strongly with increasing concentration of ionic 
impurities due to the screening effect caused by the counter ions in the double layers (eqns. 1-2 
and 1-3).
102, 106, 107
 To form a CCA, highly charged monodisperse colloidal dispersion needs to be 
exhaustively cleaned through dialysis (or centrifugation/redispersion) and ion-exchange resin
 
(Fig. 1.4) to remove the ionic impurities.
51-63 
 
For low ionic strengths (<10
-5
 M), the electrostatic repulsive interactions occur over 
distances many times larger than the particle diameter. At low ionic strengths and at sufficient 
particle concentrations, the highly charged particles will self-assemble into a CCA to minimize 
the interparitcle repulsive interactions.
 15,
 
17 
 
  11 
Figure 1.4 Highly charged monodisperse polystyrene particles self-assemble into a CCA (from Asher, S. 
A.; Holtz, J.; Liu, L.; Wu, Z. J., J. Am. Chem. Soc. 1994, 116, 4997). 
  12 
 
Figure 1.5 (a) A typical setup for synthesis of polymeric particles (from Asher’s group website); (b) A TEM 
image of PS particles with a diameter of 565 nm (from Reese, C. E.; Asher, S. A. J. Colloid interface Sci. 2002, 
248, 41.); (c) A TEM image of PNIPAm particles with a diameter of ~300 nm (from Wang, L.; Asher, S. A. 
Chem. Mater. 2009, 21, 4608.); (d) Dependences of PNIPAm colloid diameter and turbidity on temperature 
(from Weissman, J. M.; Sunkara H. B.; Tse, A. S.; Asher, S. A. Science 1996, 274, 959.). 
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The CCA particles can be polymeric, inorganic, or hybrid particles which are 
monodisperse and highly charged.
21, 42, 43, 51, 53, 54, 56-63
 Below we discuss general methods for 
preparing monodisperse CCA particles. 
1.2.1 Synthesis of Polymeric CCA Particles 
Polymeric CCA particles are usually synthesized by emulsion or dispersion polymerization.
21, 42, 
43, 58-60
 A typical setup for the synthesis is shown in Fig. 1.5a where a N2 blanket is maintained to 
exclude oxygen and the temperature is usually kept at 70 ºC during the polymerization. N, N´-
methylene-bis-acrylamide is often used as a cross linker. Potassium persulfate or ammonium 
persulfate is used as the initiator. A surfactant (i.e. sodium dodecyl sulfate, SDS) is added to 
stabilize the particle dispersion and to control the particle size. An ionic comonomer (i.e. 2-
acrylamido-2-methyl-1-propanesulfonic acid) is copolymerized to add surface charges to the 
polymeric particles. The reaction is rapidly stirred (i.e. 350 rpm) and refluxed for ~ 6 hrs.  
Polystyrene (PS) particles are widely used for CCA fabrication because of their low cost 
and easy fabrication. Reese et al. synthesized highly charged monodisperse PS particles with 
diameters from 100 nm to 1 μm.42, 43 Fig. 1.5b shows a transmission electron microscopy (TEM) 
image of PS particles with an average diameter of 565 nm.
43 
 
Poly(N-isopropylacrylamide) (PNIPAm) particles are well-known for their temperature-
sensitive properties.
20, 21, 53
 They have a lower critical solution temperature (LCST) around 32 ºC. 
When temperature is lower than the LCST, the PNIPAm particles are hydrated and swollen. 
They undergo a reversible volume phase transition to a collapsed, dehydrated state when heated 
above the LCST. Fig. 1.5c shows a TEM image of PNIPAm particles with an average diameter 
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of ~300 nm.
53
 Fig. 1.5d shows the dependences of the PNIPAm particle diameter and turbidity 
on temperature.
20
 
1.2.2 Synthesis of Inorganic CCA Particles 
Highly charged monodisperse inorganic particles have also been used for CCA fabrications.
51, 56, 
63
 Among these colloidal particles, silica particles are of great interest because of their low 
toxicity and facile fabrication.
108
 In addition, for PCCA applications, the embedded silica CCA 
particles can be easily etched out by using HF acid to form hollow PCCA.
109, 110 
 
The Stöber method is a simple way to synthesize silica particles.
111
 A typical recipe uses 
an alkyl silane (i.e. tetraethoxysilane, TEOS) as the precursor, ethanol/water as the reaction 
solvent, and ammonia as the catalyst.
111
 The silica particle size is controlled by the amounts of 
silane precursor or ammonia in the reaction. In order to form CCA, the Stöber silica particles 
need to be functionalized with the charged groups because the pKa of the surface –SiOH is 
relatively high (~7.1); the –SiOH groups do not provide enough charge for the silica CCA self-
assembly.
63, 112
 In Chapter 2, we describe a facile method to synthesize highly charged, 
monodisperse silica particles.  
1.2.3 Synthesis of Hybrid Particles 
Hybrid particles provide extra functionality (i.e. shell length/composition, core-shell ratio) for 
CCA fabrication. Xu et al. synthesized silica/PS core-shell particles and furthered fabricated 
hollow PS particles by etching out the silica cores with HF acid.
54
 Chang et al. used a water-in-
oil microemulsion method to prepare monodisperse silica-cadmium sulfide (CdS) nanocomposite 
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spheres.
61
 Chang et al. further processed these nanocompostie spheres to form complex voids 
within the silica colloids by quantitatively etching out the CdS inclusions with concentrated 
nitric acid.
62
 Wang et al. fabricated nanocomposite monodisperse silica spheres containing 
homogeneously dispersed Ag quantum dots through the photochemical reduction of silver ions 
during the synthesis of silica particles.
113
 In Chapter 5, we describe a novel method to synthesize 
monodisperse PNIPAm-core/silica-shell particles.
53 
 
 
1.3 CCA APPLICATIONS 
1.3.1 CCA Optical Filters 
The light diffraction of a highly ordered CCA can be very efficient and therefore CCA can be 
used as optical filters to reject specific wavelengths while passing adjacent spectral regions.
15-18 
According to Bragg’s Law (eqn. 1-1), the diffracted wavelength (λ) can be easily tuned by tilting 
the CCA orientation (θ) relative to the incident light. Larger diffracted wavelength changes can 
be achieved by changing the CCA concentrations to vary the particle array spacing d. Fig. 1.6a 
shows the orientation of a CCA filter to the incident light.
16 
Fig. 1.6b shows transmission spectra 
of the CCA filter at incident angles of 90° and 80° giving diffracted wavelengths of 497 nm and 
493 nm, respectively.
16
 In Chapter 2, we describe a silica CCA deep UV filter and its utilization 
as a Rayleigh rejection filter for Teflon UV Raman measurements. 
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Figure 1.6 (a) The orientation of a CCA filter to the incident light beam; (b) Spectra showing transmission 
through the CCA filter at an incident glancing angle of 90° and 80° (from Asher S. A.; Flaugh, P. L.; 
Washinger, G. Spectroscopy 1986, 1, 26.). 
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1.3.2 CCA Sensing Materials 
CCA has been polymerized within hydrogels to form PCCA in which the hydrogels are 
functionalized with recognition groups so that the hydrogels swell or shrink in response to the 
targeted analytes.
23-26, 64-73
 The hydrogel volume changes will vary the CCA particle spacings 
resulting in visually evident color changes or detectable wavelength shifts.
23-26, 64-73
 Fig. 1.7 
shows PCCA sensing materials consisting of an embedded CCA in a hydrogel network 
functionalized with a molecular recognition element.
25
 The diffracted wavelength red shifts due 
to the hydrogel volume increase induced by the interaction of the analyte with the molecular 
recognition species in the hydrogel.
25
 The PCCA sensing motif has been developed for Pb
2+
,
26, 65, 
71, 73
 Ba
2+
,
26
 K
+
,
26
 Cu
2+
,
67, 70
 Ni
2+
,
70
 pH,
24, 66, 69, 71, 73
 ionic strength,
24, 66
 temperature,
66
 glucose,
25, 
65, 72
 creatinine,
68
 and ethanol
69
 detection.  
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Figure 1.7 PCCA photonic crystal sensing materials consist of an embedded CCA in a hydrogel network 
functionalized with a molecular recognition element. The diffracted wavelength red shifts result from the hydrogel 
volume increase induced by the interaction of the analyte with the molecular recognition element in the hydrogel 
(from Asher, S. A. et al. J. Am. Chem. Soc. 2003, 125, 3322.). 
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1.3.3 Other CCA applications 
CCA consisting of ordered, monodisperse particles can be used as templates to fabricate inverted 
photonic crystals or other nanostructures. Liu et al. fabricated a PCCA of water voids (HPCCA) 
by using silica PCCA as a template and then etching out the silica particles in the PCCA (Fig. 
1.8).
109, 110
 They used the HPCCA to study macromolecule diffusion in a swollen polymeric gel 
matrix and gave the first direct experimental evidence for the entropic trapping phenomena of 
polymers in swollen polymeric gel media.
109, 110
 Bohn et al. fabricated non-close-packed highly 
ordered direct and inverse opal silica photonic crystals using PS PCCA as templates.
52
 In 
Chapter 3, we show a photonic crystal template method to fabricate stoichiometrically complex 
nanoparticles for UV Raman solid cross section determinations. In Chapter 5, we describe a 
method to fabricate silica shell photonic crystals through flexible PNIPAm core templates.  
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Figure 1.8 Fabrication of a PCCA of water voids. (1) Monodisperse silica particles self-assemble into a CCA; (2) 
The silica CCA is immobilized within a polyacrylamide hydrogel network to form a PCCA; (3) Silica particles are 
etched out with HF acid to result in a PCCA of water voids (from Liu, L.; Li, P.; Asher, S. A. Nature 1999, 397, 
141.). 
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1.4 OVERVIEW OF RESEARCH PROGRAM 
The work reported herein discusses the advancements made in the development of new CCA 
photonic crystal materials, novel deep UV CCA photonic crystal Bragg diffraction devices and 
their applications, as well as applications of CCA photonic crystal templates. 
Chapter 2 describes a facile method to fabricate photonic crystal CCA deep UV Bragg 
diffraction devices. The CCA were prepared through the self-assembly of small, monodisperse, 
highly surface charged silica particles (~50 nm diameter) that were synthesized by using a 
modified Stöber process. The particle surfaces were charged by functionalizing them with the 
strong acid, non UV absorbing silane coupling agent. These highly charged, monodisperse silica 
particles self-assemble into CCA that efficiently Bragg diffract light in the deep UV. The 
diffracted wavelength was varied between 237 nm to 227 nm by tilting the CCA orientation 
relative to the incident beam between glancing angles from 90º to ~66º. Theoretical calculations 
predict that the silica CCA diffraction will have a full width at half maximum (FWHM) of 2 nm 
with a transmission of ~10
-11
 at the band center. We demonstrate the utility of this silica CCA 
filter to reject the Rayleigh scattering in 229 nm deep UV Raman measurements of highly 
scattering Teflon.  
In Chapter 3, we describe a facile method to fabricate complex stoichiometrically defined 
nanoparticles by utilizing the defined volume interstices of close-packed photonic crystals. 
Fabrication of small defined size nanoparticles enables measurements of resonance Raman cross 
sections of solid materials. We successfully utilized this method to fabricate mixed 
  22 
NaNO3/Na2SO4 nanoparticles with a defined stoichiometry on the surface of the photonic crystal 
spherical particles. We used these stoichiometrically defined NaNO3/Na2SO4 nanoparticles to 
determine the solid-state UV resonance Raman cross-section of the NO3¯ 1 symmetric 
stretching band (229 nm excitation wavelength) by monitoring the Raman spectrum of Na2SO4 
as an internal standard. These are the first resonance Raman cross-section measurements of 
solids that avoids the biasing of self-absorption. These NaNO3/Na2SO4 nanoparticles appear to 
show a more facile photolysis than is observed for normal solid NaNO3 samples.   
In Chapter 4, we report a refractive-index matching method to measure nonabsorbing 
solid-state UV Raman cross sections that avoids the impact of the local field phenomenon and 
particle interface scattering of incident light. We used refractive-index matched chloroform as an 
internal intensity standard to determine the solid-state 995 cm
-1
 Na2SO4 244 nm Raman cross 
sections. The pure liquid chloroform 668 cm
-1
 244 nm Raman cross section was determined by 
using acetonitrile as an internal standard and by calculating the local field corrections for the 
observed Raman intensities. Our measured 244 nm UV Raman cross sections of the solid state 
995 cm
-1
 SO4
2-
 band of 1.97±0.07×10
-28 
cm
2
/(molc·sr), is about half that of its aqueous solution 
Raman cross section indicating interactions between the sulfate species in the solid that decrease 
the Raman polarizability.  
Chapter 5 describes a novel method to fabricate silica shell photonic crystals through 
flexible PNIPAm core templates. Monodisperse PNIPAm flexible core particles were 
synthesized by dispersion polymerization. Silica particles were attached to the partially swollen 
PNIPAm particles by the hydrolysis and condensation of tetraethoxysilane at 24 C. The 
resulting silica particle-functionalized PNIPAm core particles show reversible swelling and 
shrinking as the temperature is cycled. These particles form close-packed-array photonic crystals 
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as the solvent evaporates; the cores shrink to form a silica shell around the pure PNIPAm dry 
core particles as they close pack. The PNIPAm cores were removed by calcination, leaving a PC 
composed of essentially pure continuous hollow silica shells. These silica shell photonic crystals 
Bragg diffract UV light at ~310 nm. The close packed particle interstices are continuous and are 
easily filled by water. In contrast, the silica shells are impervious to water because the process of 
making them results in a non-porous continuous shell of silica without holes. 
Chapter 6 summarizes each of the projects and suggests opportunities for future studies.  
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2.0  SILICA CRYSTALLINE COLLOIDAL ARRAY DEEP UV NARROW BAND 
DIFFRACTION DEVICES 
(This chapter was submitted to the Applied Spectroscopy. The coauthors are Luling Wang, 
Alexander Tikhonov, and Sanford A. Asher.) 
 
We developed a facile method to fabricate deep UV photonic crystal crystalline colloidal 
array (CCA) Bragg diffraction devices. The CCA were prepared through the self-assembly of 
small, monodisperse, highly surface charged silica particles (~50 nm diameter) that were 
synthesized by using a modified Stöber process. The particle surfaces were charged by 
functionalizing them with the strong acid, non UV absorbing silane coupling agent 3-
(trihydroxylsilyl)-1-propane-sulfonic acid (THOPS). These highly charged, monodisperse silica 
particles self-assemble into a face centered cubic CCA that efficiently Bragg diffracts light in the 
deep UV. The diffracted wavelength was varied between 237 nm to 227 nm by tilting the CCA 
orientation relative to the incident beam between glancing angles from 90º to ~66º. Theoretical 
calculations predict that the silica CCA diffraction will have a full width at half maximum 
(FWHM) of 2 nm with a transmission of ~10
-11
 at the band center. We demonstrate the utility of 
this silica CCA filter to reject the Rayleigh scattering in 229 nm deep UV Raman measurements 
of highly scattering Teflon.  
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2.1 INTRODUCTION 
The development of novel wavelength-selective optical devices enables major advances in 
spectroscopic methodologies and instrumentation.
1-16
 Spectroscopies such as Raman, 
fluorescence, hyperspectral imaging, and pump-probe techniques require wavelength-selective 
optical elements that reject particular regions of the electromagnetic spectrum while transmitting 
adjacent spectral regions.
5-8, 10, 11, 17
 The recent development of highly efficient holographic 
filters and multilayer dielectric filters have dramatically advanced near UV, visible and near IR 
spectroscopies.
9-12, 18-21
 Unfortunately, analogous devices do not exist in the deep UV because the 
typical materials used absorb deep UV light.
9, 22, 23
 Thus, the important new field of deep UV 
Raman spectroscopy has not benefited from these instrumentation advances. 
In the late 1980’s we developed the first photonic crystal device.7, 8, 15, 16 This optical 
device, that functioned as a Bragg diffraction filter, was fabricated from a crystalline colloidal 
array (CCA) of ~100 nm diameter highly charged, monodisperse polystyrene particles.
7, 8
 These 
highly charged particles self-assembled into a face centered cubic structure that efficiently Bragg 
diffracted light from its 111 planes, but freely transmitted light in adjacent spectral regions. This 
optic functioned as a highly efficient Rayleigh rejection filter for Raman spectral measurements.  
This device was licensed from the University of Pittsburgh by EG&G Princeton Applied 
Research and was commercialized. These CCA Rayleigh rejection filters also served as the basis 
of novel Raman spectrometers.
7, 8, 15, 16
 This CCA technology was leapfrogged in the 1990’s 
when holographic filters became readily available.
24-26  
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In the work here we describe an analogous photonic crystal device that functions as an 
efficient Bragg diffraction filter in the deep UV. To accomplish this we developed a method to 
prepare CCA photonic crystals of silica spheres that efficiently diffract but do not absorb deep 
UV light.
7, 8, 22, 27, 28
 To accomplish this we developed a facile method to fabricate ~50 nm 
diameter monodisperse highly charged silica particles that self-assemble into CCAs. We also 
here demonstrate the utility of this highly charged silica CCA as a Rayleigh rejection filter in 
deep UV Raman measurements.
28 
 
2.2 EXPERIMENTAL SECTION 
2.2.1 Fabrication of Highly Charged Monodisperse Small Silica Particles  
We synthesized monodisperse, small silica particles by using a modified Stöber method
29
. We 
then functionalized the silica particle surface with a low deep UV absorption silane coupling 
agent 3-(trihydroxylsilyl)-1-propane-sulfonic acid (THOPS, 30% in water, Gelest, Inc.). A 
typical reaction used 5 mL tetraethoxysilane (TEOS, Fluka, Lot code 133281541207016) as the 
silica precursor, 8 mL ammonium hydroxide (29.40 wt%, J. T. Baker) as the catalyst, and 200 
mL ethanol as the reaction solvent. The reaction mixture was stirred for 24 h. The resulting silica 
dispersion was filtered through nylon mesh (Small Parts, Inc). 200 mL of water was slowly 
added to the Stöber silica dispersion under stirring. The mixture was first heated to 50 °C for ~ 
30 min, then heated to 80 °C for ~ 1 h. 6 mL of the silane coupling agent THOPS was adjusted to 
pH ~ 6 with ammonium hydroxide and then added to the silica dispersion. The reaction was 
refluxed for 6 h at 80 °C.  
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2.2.2 Silica CCA Fabrication and Transmission Measurements 
The functionalized silica colloids were cleaned by six repetitions of centrifugation at 12,000 rpm 
and redispersion of the resulting silica pellet in Nanopure water (Barnstead). The silica particle 
concentration was adjusted by controlling the amount of water added during the last redispersion. 
Further purification was achieved by shaking the silica dispersion with mixed bed ion-exchange 
resin (Bio-Rad AG 501-X8). After purification, these highly charged silica particles self-
assemble into CCA at volume concentrations above 1%. The surface charge density of the 
functionalized silica particles was determined by conductrometric titration (712 conductometer, 
Brinkmann and 794 Basic Titrino, Metrohm) with 0.01 N Standard NaOH solutions (Fisher 
Scientific Inc.).  
The CCA filter cell is shown in Fig. 2.1a. Two fused silica quartz discs (2" dia. x 3/16") 
were separated by a ~125 µm thick Parafilm spacer and mounted on a rotation stage. The highly 
charged silica colloidal dispersion (volume percent 7.0 %) was carefully injected into one of the 
holes in one of the quartz discs to fill the cell, in order to avoid bubbles. The system self-
assembled into a CCA. Transmission spectra of the CCA filter with incident glancing angles at 
90º, 69º and 66º were measured with a Cary 5000 (Varian, Inc.) spectrophotometer using the 
double beam mode and zero/baseline correction.  
  35 
Figure 2.1 (a) A CCA flow cell for transmission measurements; (b) Schematic of triple-stage 
monochromator for Raman measurements. 
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2.2.3 Silica CCA Rayleigh Rejection Filter Raman Measurements 
We measured deep UV Raman spectra of highly scattering Teflon with excitation at 229 nm line 
(2 mW) by using a continuous-wave UV Ar laser (Innova 300 FReD, Coherent Inc.). The laser 
excited the Teflon sample in a backscattering geometry with the laser beam focused to a ~20 μm 
diameter spot. Fig. 2.1b shows the schematic of the triplemate monochromator used for the 
Raman measurements.  
The spectrometer filter stage premonochromator was aligned to conveniently block a 
portion of the Rayleigh scattered light to allow us to make quantitative measurements of the 
CCA laser light attenuation. The spectrometer setups were identical for Raman spectra measured 
in the absence and presence of the CCA filter. The CCA filter was placed between a collection 
and imaging lens (Fig. 2.1b) where the light is collimated.  
2.2.4 Characterization Techniques 
We measured the silica particle sizes by using dynamic light scattering (DLS) and transmission 
electron microscopy (TEM). DLS and zeta potential were measured by using a Brookhaven 
Instruments Corporation ZetaPALS. The silica particles were also examined by using a JEOL 
200 CX TEM. A few drops of the dilute silica particle dispersion were dried on a carbon-coated 
copper grid (Ted Pella, Inc.) for the TEM measurements. 
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2.3 RESULTS AND DISCUSSION 
2.3.1 Fabrication of Highly Charged, Monodisperse, Small Silica Particles  
We used a modified Stöber method to prepare the Stöber silica dispersion where an aqueous 
ammonium hydroxide solution is used instead of saturated alcoholic solutions of ammonia
29
. The 
typical recipe yielded Stöber silica particles with a diameter of 53.6 ± 0.3 nm (polydispersity 
0.045) as determined by DLS. Fig. 2.2a shows a TEM image of monodisperse silica particles 
with a diameter of 43.6 ± 3.9 nm. The TEM diameter is smaller than that measured by DLS 
because DLS measures the hydrodynamic diameter while TEM measures the diameter of the 
dehydrated particles.  
The Stöber silica dispersion after cleaning and ion-exchange does not have sufficient 
surface charge to self-assemble into CCA; the pKa of the surface –SiOH is relatively high 
(~7.1).
30
 The zeta potential of these cleaned Stöber silica particles is only -12 mV at pH 4.0. We 
developed a facile method to attach strong sulfonic acid groups (–SO3H) to the surface of the 
monodisperse silica colloids by using THOPS as the silane coupling agent. THOPS was attached 
to the silica particle surface by a condensation reaction between the silanols (–SiOH) groups on 
the Stöber silica surface and that of THOPS. The resulting silica particles are highly charged due 
to the low pKa <1 of the surface sulfonic acid groups.
31
 Since the Stöber silica dispersion is only 
stable at basic pH,
32 
 we found that the silica particles immediately aggregate if we directly added 
the THOPS solution (pH=0.34) to the Stöber silica dispersion. However, aggregation does not 
occur if we adjust the THOPS pH to ~ 6 before addition. After cleaning and ion-exchange, the 
surface functionalized silica particles self-assemble into CCA.  
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Figure 2.2 TEM images of (a) the Stöber silica particles; (b) the silica CCA particles. 
  39 
Fig. 2.2b shows a TEM image of our charged silica CCA particles that show an average 
diameter of 47.3 ± 5.1 nm. The diameter measured by DLS is 60.2 ± 0.3 nm, slightly larger than 
that determined by TEM. The zeta potential of the charged silica particles is -43 mV (pH 4.0) 
which indicates high surface charge. We also determined the surface charges of these silica CCA 
particles by using conductrometric titration with 0.01 N NaOH. The typical recipe yields 4740 
charges per silica particle (10.8 µC/cm
2
). Table 2-1 shows that the surface charge density of the 
silica particles can be easily tuned by varying the amount of THOPS during the surface 
modification. The zeta potential increases as we increase the amount of THOPS during the 
surface modification reaction.  
Table 2-1 Dependence of Silica CCA Particle Surface Charge on THOPS* 
Sample 
Diameter/nm 
(TEM) 
THOPS/mL 
Charges per 
particle 
Charge 
Density 
(µC/cm
2
) 
Zeta Potential 
(mV) 
A 46.1± 5.7 2 1094 2.6 -31 
B 48.8± 5.1 4 2847 6.1 -40 
C 47.3± 5.1 6 4736 10.8 -43 
     * Only the amount of THOPS is varied with the other conditions remaining that of the typical recipe 
 
             Although our main objective here is to fabricate highly charged, monodisperse silica 
particles with diameters ~50 nm, we were also able to prepare highly charged larger silica 
particles. The silica particle size strongly depends on the amount of ammonium hydroxide added 
during the Stöber silica condensation process.
29
 Fig. 2.3 shows the TEM images of highly 
charged silica CCA with an average diameter of (a) 70 ± 5 nm and (b) 237 ± 7 nm, respectively.  
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Figure 2.3 TEM images of samples (a) synthesized with 10 mL and (b) 15 mL of ammonium hydroxide in the 
Stöber silica synthesis. 2 mL of THOPS was added in the surface modification. Other conditions are those of the 
typical recipe. 
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The zeta potentials for these two samples are (a) -33 mV and (b) -46.7 mV respectively, 
indicating that the silica particles are highly charged. 
2.3.2 Transmission Measurements of Silica CCA 
The highly charged silica particles self-assemble into a CCA after cleaning and ion-exchange. 
The silica CCA diffraction wavelength can be calculated from Bragg’s and Snell’s laws 
according to eqns. 2-1 and 2-2, where 

0 is the wavelength in air diffracted by the CCA, which 
depends on the average refractive index of the CCA, 

navg , the lattice spacing, d, and the glancing 
incident light angle, 

 . The glancing angle, 

  in the CCA medium is calculated from Snell’s law 
for refraction, where 

0  is the incident glancing angle in air.
27, 33-35
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According to Bragg’s law, the CCA diffracted wavelength, the 

0 can be easily tuned by 
adjusting the filter orientation relative to the incident light (

0 ). Larger diffraction wavelength 
shifts are obtained by changing the particle spacings by adjusting the concentrations of the CCA 
particles. We diluted the concentrated highly charged silica particles after the last centrifugation 
to obtain a volume concentration of 6-7 %, for which the silica CCA dispersion Bragg diffracts 
light in the deep UV. The concentration of the silica CCA was determined gravimetrically from 
the ratio of the dry weight of the silica CCA particles to the overall weight of the silica CCA 
dispersion.  
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The silica CCA dispersion is visually transparent because only light in the deep UV range 
is diffracted. Fig. 2.4 shows transmission spectra of the silica CCA (volume percent 7.0 %) for 
incident glancing angles of 90º, 69º and 66º. The band rejection wavelength was tuned from 237 
nm, to 229 nm, and to 227 nm by tilting the filter with respect to the incident beam from 90º, to 
69º, and to 66º, as shown in Fig. 2.4. The bandwidths determined from these transmission 
measurements are broader than the true CCA bandwidths because the absorption 
spectrophotometer utilizes a somewhat focused exciting beam. The measured attenuation is also 
artifactually decreased. For normal incidence in Fig. 2.4 the full bandwidth at half maximum 
(FWHM) observed is 5.0 nm. The CCA filter shows only slight broadening of the rejected 
FWHM as the filter is angle-tuned, with a FWHM of 5.9 nm as the incident glancing angle is 
tuned to 69º and 66º.  
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Figure 2.4 Transmission spectrum of flow cell filled with pure water; and of the flow cells filled with 
highly charged silica CCA dispersion for incident glancing angles of 90º, 69º and 66º. Silica colloid 
diameter is 47.3 ± 5.1 nm. 
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The width of the narrow wavelength Bragg diffraction band depends on the degree of 
ordering of the silica face centered cubic array within the CCA, the particle diameter, the CCA 
thickness and the difference between the refractive indices of the charged silica particles and the 
medium.
8, 27, 36, 37
 The diffraction was theoretically calculated by modeling the 3D CCA (111) 
layers as a 1D stack of dielectric slabs.
27, 36, 38 
 
Fig. 2.5 compares the observed and calculated diffraction of this silica CCA filter. The 
dashed line shows the observed light diffraction transmission of the CCA dispersion relative to 
that of the cell filled with water as obtained in Fig. 2.4. The solid line shows the calculated 
diffraction from a silica CCA consisting of 1200 face-centered cubic (111) silica particle layers 
(101 μm total thickness, silica particle diameter of 47 nm). Theory predicts a FWHM of 2 nm 
and an ultra high attenuation Bragg diffraction transmission of ~10
-11
. The difference between 
the observed and theoretical results is presumably due to crystal disorder in the CCA.
37 
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Figure 2.5 Observed and calculated transmission spectrum of diffraction by silica 
CCA at a 90º incident angle. 
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2.3.3 Utilization of CCA for UV Raman Rayleigh Rejection 
The highly charged silica CCA of Fig. 2.4 was used to reject Rayleigh scattered light in 229 nm 
excited Raman measurements of Teflon. To conveniently avoid saturating the CCD camera and 
to quantitatively measure the CCA filter rejection efficiency, we carefully adjusted the 
premonochromator shown in Fig. 2.1b so that it blocked a portion of the Rayleigh scattered light. 
The CCA filter was placed between the collection and imaging lens (Fig. 2.1b) where the light is 
collimated.  
Fig. 2.6 shows that the Teflon Raman spectrum measured in the absence of the CCA 
filter shows a high “Rayleigh peak”. The Fig. 2.6 Teflon Raman spectrum measured using the 
CCA filter at an incident glancing angle of ~69º, shows a dramatically decreased Rayleigh 
scattering because the CCA filter Bragg diffracts 229 nm light at the ~69º incident angle 
orientation (Fig. 2.4). Fig. 2.6 indicates that the CCA filter rejects 99.82 % (ratio of integrated 
areas) of the Rayleigh scattered light at 229 nm while transmitting the Raman bands of Teflon 
including the low frequency band at 290 cm
-1
 (=1.5 nm). At around normal incidence for the 
CCA Fig. 2.6 shows that most of the “Rayleigh peak” is present, while the CCA filter rejects the 
Raman scattered light at ~1215 cm
-1
 (~ 236 nm), as expected from Fig. 2.4. 
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Figure 2.6 Teflon 229 nm UV Raman spectra in the absence (-------) and presence (—–––) of the CCA filter 
at an incident glancing angle of ~69º.  In addition, the Raman spectrum is shown for the CCA close to normal 
incidence (–– · ––). The inset shows an expansion of the circled region. 
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We calculated the transmission at the wavelengths of the Teflon Raman bands in Fig. 2.6 
from the ratios of the integrated Raman band intensities in the absence of the CCA filter. These 
transmission data were plotted against wavelengths as shown by the dots in Fig. 2.7 and 
compared to the directly measured transmission from the UV-Vis spectrometer. The Raman data 
indicate that the CCA filter has a higher rejection efficiency (99.82%) and narrower diffraction 
bandwidth (HWHM: 2 nm) than the measured transmission (Fig. 2.4). This is because the 
incident light is well collimated for the CCA filter Raman measurements, while the absorption 
spectrophotometer uses a somewhat focused beam; the Bragg diffraction strongly depends on the 
incident angle (eqn. 2-1). We also directly measured that the CCA filter shows a rejection 
efficiency of 99.9% of the incident 229 nm laser beam using a silicon powermeter. 
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Figure 2.7 Transmission calculated from the ratios of integrated intensities of Teflon Raman Bands in Fig. 2.6 for 
CCA at glancing incident angle of ~69° (the dots, blue); Also shown are transmission data from Fig. 2.4 for CCA 
at glancing incident angle of ~69° (the squares, red). For comparison, the Raman shifts and corresponding 
wavelengths were listed next to the data. 
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2.4 CONCLUSIONS 
We developed a method to synthesize highly charged, monodisperse silica particles with 
diameters of ~50 nm and as well as distinctly larger diameters. We can easily incorporate surface 
charge by reacting the silica particles with the sulfonated silating agent THOPS. The highly 
charged silica particles self-assemble into CCAs that Bragg diffract light in the deep UV. The 
CCA Bragg diffracted wavelength can be tuned from 237 nm to 227 nm by tilting the incident 
glancing angle from ~90º to ~66º. We also demonstrate that the silica CCA filter can be used as a 
Rayleigh rejection filter for 229 nm deep UV Raman measurements of highly scattering Teflon. 
The UV Raman measurements show a Rayleigh rejection efficiency of 99.82% and a narrower 
bandwidth (HWHM= 2 nm). We expect that the performance of the CCA filter can be improved 
by increasing the ordering of the CCA face centered cubic array by increasing the particle 
monodispersity and charge. 
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3.0  TEMPLATED PHOTONIC CRYSTAL FABRICATION OF 
STOICHIOMETRICALLY COMPLEX NANOPARTICLES FOR RESONANCE 
RAMAN SOLID CROSS SECTION DETERMINATIONS 
(This chapter was published in the Journal of Physical Chemistry C 2011, 115, 15767–15771. 
The coauthors are Luling Wang, David Tuschel, and Sanford A. Asher.) 
Development of methods to fabricate nanoparticles is of great interest for many 
applications. In this paper, we developed a facile method to fabricate complex stoichiometrically 
defined nanoparticles by utilizing the defined volume interstices of close-packed photonic 
crystals. Fabrication of small defined size nanoparticles enables measurements of resonance 
Raman cross sections of solid materials.  We successfully utilized this method to fabricate mixed 
NaNO3/Na2SO4 nanoparticles with a defined stoichiometry on the surface of the photonic crystal 
spherical particles. We used these stoichiometrically defined NaNO3/Na2SO4 nanoparticles to 
determine the solid UV resonance Raman cross section of the NO3¯ 1 symmetric stretching 
band (229 nm excitation wavelength) by monitoring the Raman spectrum of Na2SO4 as an 
internal standard. These are the first resonance Raman cross section measurements of solids that 
avoids the biasing of self-absorption. These NaNO3/Na2SO4 nanoparticles appear to show a more 
facile photolysis than is observed for normal solid NaNO3 samples. This templated photonic 
crystal fabrication of complex nanoparticle method will be important for many applications.   
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3.1 INTRODUCTION 
 
There is great interest in fabricating designer nanoparticles (NPs) for numerous applications, 
including sophisticated photonic crystals (PCs),
1-6
 drug delivery,
7
 bioimaging,
8 
catalysis,
9
 
electronics,
10
 etc.. The fabrication methodologies often require careful control of reaction 
conditions such as pH,
1
 temperature,
2
 reactants,
1, 2
 solvents
3
 and electric fields
11
. In general, it is 
still difficult to make NPs of most pure materials, and it is especially difficult to make NPs which 
homogeneously combine materials with defined stoichiometries. 
We report here a facile method to fabricate complex stoichiometrically defined NPs by 
utilizing the defined volume interstices of close-packed PCs as templates within which we form 
NPs. We fill the PC interstices with a solution containing the materials of interest. We then 
freeze the solution and then sublimate the solvent which leaves the solute NPs within the PC 
interstices. 
The NPs made here are a homogeneous nanomixture of NaNO3, an energetic material 
that we wish to determine the resonance Raman cross section of, and Na2SO4, an internal 
standard that is transparent and whose solid Raman cross section we recently measured to be 
2.7410-28 cm2molcecule-1sr-1 at 229 nm excitation.12 While these solid materials can be mixed, 
any resonance Raman measurement of the mixtures will be biased because the NaNO3 particles 
strongly absorb light and the contribution of NaNO3 Raman scattering is decreased compared to 
that of Na2SO4.
13
 What is needed is a nanomixture of the materials in which the NaNO3 NPs do 
not significantly attenuate the excitation source traversing the particles. We here demonstrate a 
method to form a stoichiometrically defined nanomixture of materials with a particle size from 1 
m down to ~1 nm. 
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For many applications it is possible to utilize or study the NPs within the PC interstices. 
In the case here, the PC is composed of silica spheres that do not absorb light in the UV, visible 
or in most of the IR spectral region.   
If necessary, the NPs can be isolated by dissolving the silica spheres in HF. Alternatively, 
the PC can be prepared from monodisperse polymer spheres that can be dissolved in organic 
solvent.   
3.2 EXPERIMENTAL SECTION 
3.2.1 Preparation of Close-Packed Silica PCs 
Silica NPs were purchased from Allied High Tech Products, Inc. (item # 18050015). The silica 
NPs dispersion was cleaned by six repetitions of the following procedure: The dispersion was 
centrifuged at 6000 rpm for 20 min and the pellet was discarded. This dispersion was then 
centrifuged at 10000 rpm for 30 min. This pellet was collected and redispersed in water. Further 
purification was achieved by shaking the silica dispersion with mixed bed ion-exchange resin 
(Bio-Rad AG 501-X8) to remove ionic impurities.  
The original silica colloid had a dynamic light scattering (DLS) diameter of 84 nm with a 
DLS calculated polydispersity of 19.1 %. After fractionation the silica colloid had a DLS 
diameter of 88 nm and a polydispersity of 4.3 %. Fig. 3.1a shows the transmission electron 
microscopy (TEM) of the original silica colloid while Fig. 3.1b shows a TEM image of 
fractionated silica colloid which shows a TEM diameter of 737 nm. The improved 
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monodispersity is evident, especially the removal of the smaller diameter particles. After 
cleaning, these silica particles self-assemble into a crystalline colloidal array (CCA).
3, 14, 15 
 
The close-packed silica PCs were prepared by concentrating the silica CCA solution to 
15 wt % silica particles. A 5.75 g portion of this silica CCA in a 10 mL clean beaker was dried at 
60 C in an oven for 24 hr. As the solvent evaporated, the silica CCA formed a close-packed 
PC.
1
 
3.2.2 Formation of NaNO3/Na2SO4 NPs in Close-packed PCs Interstices 
Fifty milligrams of the silica PCs was placed in a small plastic tube and 8.9 L of a solution 
containing NaNO3 (0.0235 M) and Na2SO4 (0.94 M, mole ratio 1:40) was dropped onto the PC. 
The solution was sucked into the PC interstices by capillary forces. The PC was then frozen by 
liquid N2 and pumped under vacuum for 6 hr to sublimate the water. During sublimation, 
NaNO3/Na2SO4 composite NPs formed in the interstices. The PC containing NaNO3/Na2SO4 
NPS was characterized by scanning electron microscopy (SEM) and Raman spectroscopy. 
3.2.3 Characterization  
DLS was measured by using a Brookhaven Corp. ZetaPALS. For TEM measurements, a few 
drops of a dilute dispersion of silica NPs were dried on a carbon-coated copper grid (Ted Pella, 
Inc.) and observed by using a Philips Mogagni 268 TEM. Samples for SEM were sputter-coated 
with palladium. SEM studies were performed on a Phillips FEG XL-30 FESEM. Optical images 
of the silica PC were recorded by using digital stereo zoom microscope (Motic DM-143 series, 
Ted Pella, Inc.). 
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Figure 3.1 (a) TEM image of original silica colloid; (b) TEM image of silica colloid after cleaning and 
fractionation 
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3.2.4 Raman of NaNO3/Na2SO4 NPs in PC Interstices 
Raman spectra were excited with the 229 nm line (0.80 mW) of a CW UV Ar laser (Innova 300 
FReD, Coherent Inc.).
16,17
 Laser excitation excited the spinning sample approximately in a 
backscattering geometry with the laser beam focused to a ~20 m diameter spot. The spinning 
cell was mounted with its axis of rotation parallel to the optical axis of the collection lens and the 
cell was spun at > 600 rpm. The samples were mounted on the outer ring (1.5 cm diameter, ~ 2 
mm wide) of the spinning cell by using double stick tape (3M, Inc.). The Raman light was 
dispersed by a modified Spex triplemate spectrograph and a Princeton Instruments CCD camera 
(Spec-10 System, Model 735-0001).
16, 17
 
3.3 RESULTS AND DISCUSSION 
We fabricated these mixed NaNO3/Na2SO4 composite NPs within the defined volume interstices 
of the close-packed silica PC (Figs. 3.2, 3.3). The interstices of the PC were filled with a 
NaNO3/Na2SO4 solution that contained the NaNO3/Na2SO4 concentration necessary to form NP 
of a size equal to the maximum particle size desired. Strong capillary forces sucked the solution 
into the interstices of the PC. Penetration of the solution was evident since the PC became more 
transparent as the air was replaced by a solution that better refractive index matched the silica 
particles. The PC containing the solution was quickly frozen by contact with liquid N2. The 
solvent was sublimated by exposure of the sample to vacuum, leaving behind the NPs.  
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Figure 3.2 Templated fabrication of nanoparticles in PC interstices. 
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Figure 3.3 (a) SEM of close-packed PC; (b) Optical image of the close-packed silica PC; (c) SEM image of 
close-packed PC with NPs (NaNO3 to Na2SO4 mole ratio 1:40) formed in the interstices; (d) Raman spectra of 
the PCs with NPs in the interstices (red), PC reference (green) and double stick tape. 
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Fig. 3.3a shows a SEM of the close-packed silica PC, while Fig. 3.3b shows an optical 
micrograph of the PC prior to solution incorporation. The PC is relatively transparent because 
the particles are small and the PC diffracts light only in the UV.  
The PC interstices function as nanodomains that enclose the penetrating solution. The 
interstitial volume of the close packed PC is 26%.
18
 The single interstitial volume (

Vin) can 
easily be calculated as: 

Vin  ( 2 /6  /18)D
3
, where D is the close packed sphere diameter. 
The volume of the solution necessary to completely fill all interstices of the PC, Vsol can be 
calculated from w, the weight of the PC, given that the silica density, , is 2.0 g/mL19: Vsol=0.35 
w/.  
We can calculate the maximum diameter of the formed NPs in the interstices from the 
concentration of non vaporous species in the solution that fills the interstitial volume. The 
calculated particle diameter is a maximum since the solids can either agglomerate into one single 
particle or can form numerous particles, or can form arrays of NPs that coat the silica particles 
surfaces.  
The Fig. 3.3c SEM shows that the NaNO3/Na2SO4 NPs coat the surface of silica particles. 
Visually we estimate a diameter of ~ 4 nm.  
We measured the resonance Raman spectra of the NO3¯
 
in the PC by exciting at 229 nm 
within the NO3¯ ππ* electronic transition.
17, 20, 21
 The Fig. 3.3d UV Resonance Raman (RR) 
spectrum shows a dominating 1062 cm
-1
 NO3¯ 1 symmetric stretching vibration
22
 as well as the 
995 cm
-1
 SO4
2-
 symmetric stretch. The other Raman bands observed are mainly from the double 
stick tape and from Raman scattering of the silica PC (Fig. 3.3d). The shoulder at ~ 1653 cm
-1
 in 
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the PC reference Raman spectrum derives from the degradation of the tape. The spectra in Fig. 
3.3d were normalized to the tape 1604 cm
-1 
Raman band.  
Because of the small particle sizes we can ignore the self-absorption by the 
NaNO3/Na2SO4 NPs since we estimate that it would take a ~ 70 nm thick pure NaNO3 film to 
absorb 50 % of the incident 229 nm excitation light.
21
 We can calculate the solid Raman cross 
section of the 1 symmetric stretch of NO3¯ (


NO3
- ) from the ratio of intensities of the NO3¯ 1 
symmetric stretch band (

I
NO3
- ) to the SO4
2- 
symmetric stretch band (

I
SO 4
2 -) by using eqn. 3-1.  
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The concentration ratio (

C
NO 3
- /

C
SO 4
2- ) of the NP is that of the solution that penetrated the 
PC interstices (1:40). The measured relative intensity (

I
NO3
- /

I
SO 4
2 -) of 2.6 was obtained by 
integrating the Raman bands in Fig. 3.3d. We recently measured a solid state Raman cross 
section of the 995 cm
-1 
SO4
2-
 band of 1.9710-28 cm2molc-1sr-1 with 244 nm excitation.12 By 
using the Raman cross section wavelength dispersion,
20
 we calculated a solid state 229 nm 
Raman cross section of the 995 cm
-1 
SO4
2-
 band of 2.7410-28 cm2molc-1sr-1. From this, we 
calculate a solid 229 nm resonance Raman cross section for the NO3¯ 1 symmetric stretch band 
of 2.8510-26 cm2molc-1sr-1. 
Thus, we find that the solid state Raman cross section of the NO3¯ 1 symmetric stretch 
band is around 40% of the solution 229 nm Raman cross section of 7.410
-26
 cm
2molecule-1sr-
1
.
17
 We believe that this is the first solid state resonance Raman cross section measurement for 
any compound. The fact that the solid state and solution resonance Raman cross sections are 
different indicates the resonance Raman enhancement is somewhat impacted by interactions 
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between adjacent electronic transitions of the NO3¯ groups in the lattice, relative to that of the 
isolated NO3¯ in water. 
The solid and solution NO3¯ Raman cross sections are expected to differ because of both 
chemical and electromagnetic differences. The chemical difference will cause changes in the 
ground and excited states and shift the transition energies and cause changes in the homogeneous 
and inhomogeneous linewidths. These effects will also change the relative Raman cross sections 
between the solution and solid states. 
The electromagnetic differences result from the change in the exciting and Raman 
scattered electric fields in the solution state with refractive index ns versus the solid state with 
refractive index of nc.
23
 From the local filed corrections we expected to see larger solid nitrate 
Raman cross section than the solution value because of higher refractive index of the solid 
materials. However, this is opposite to our experimental results where the solid nitrate Raman 
cross section is around 40% of the solution value, which indicates that the cross section 
differences between the pure solid versus the solution are dominated by chemical differences.  
This result is important in any understanding of the difference in quantum yields of the 
photochemical reaction NO3¯ + h  NO2¯ that we measured to be 0.04 for NO3¯ dissolved in 
water, but is much smaller with a quantum yield of 10
-8
 for solid NaNO3.
24
 This suggests that the 
decreased solid state quantum yield may be related to constraints by the NO3¯ surrounding 
lattice. 
In this regard we see a significantly larger photochemical quantum yield for the 
NaNO3/Na2SO4 NPs than for solid NaNO3. Fig. 3.4 shows the illumination time dependence of 
the 229 nm excited UVRR of a spinning sample of the NaNO3/Na2SO4 NPs. We observed a 
significant decrease in the relative intensity of the 1062 cm
-1
 NO3¯ 1 symmetric stretching 
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vibration
 
compared to the 995 cm
-1
 SO4
2-
 symmetric stretch after 60 s illumination. A spinning 
solid NaNO3 sample shows negligible photochemistry under these conditions.
24
 It is surprisingly 
that Fig. 3.4 does not show the 1 symmetric stretching band at ~ 1332 cm-1 of NO2¯, the 
expected photochemical product. 
In contrast, the Fig. 3.5 UV resonance Raman spectrum of a stationary sample of the 
NaNO3/Na2SO4 NP clearly shows the NO2¯ 1 symmetric stretching band at ~ 1332 cm
-1
 of the 
photochemical formation of NO2¯. We will investigate the lack of the ~ 1332 cm
-1
 NO2¯ band in 
the spinning samples in future studies. We will also better characterize the photochemical 
quantum yields of the NaNO3/Na2SO4 NPs. 
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Figure 3.4 Raman spectra of the NaNO3/Na2SO4 nanoparticles (NaNO3 to Na2SO4 mole ratio 1:40) in the PC 
interstices at illuminating times of 60 s, 120 s, 180 s and 240 s respectively. 
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Figure 3.5 Raman spectra of the NaNO3/Na2SO4 nanoparticles (NaNO3 to Na2SO4 mole ratio 1.67:1) 
in the PC interstices under the spinning (blue) and stationary (red) conditions. 
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3.4 CONCLUSIONS 
We developed a facile method of fabricating complex stoichiometry NPs by utilizing the defined 
volume interstices of close-packed PC as templates. We successfully utilized this method to 
fabricate mixed NaNO3/Na2SO4 NPs. SEM and Raman spectroscopy show that the ~ 4 nm mixed 
NaNO3/Na2SO4 NPs formed on the surfaces of the PC spherical particles. By using Na2SO4 as an 
internal standard, we determined that the solid Raman cross section of the NO3¯ 1 symmetric 
band is 2.8510-26 cm2molecule-1sr-1. We also observe much more facile photolysis of the 
NaNO3/Na2SO4 NPs than for solid NaNO3. This templated PC fabrication of complex NPs 
method will be important for many applications, one of which is for determining the resonance 
Raman cross section of solid materials. 
3.5 ACKNOWLEDGEMENTS 
We acknowledge partial funding of this work by the West Virginia High Technology 
Consortium Foundation under contract number HSHQDC-09-C-00159 from the Department of 
Homeland Security Science and Technology Directorate. We thank Materials Micro-
characterization Laboratory (University of Pittsburgh) for the use of the SEM instrument. 
  69 
3.6 REFERENCES 
1. Wang, L.; Asher, S. A. Chem. Mater. 2009, 21, 4608. 
2. Reese, C. E.; Guerrero, C. D.; Weissman, J. M.; Lee, K.; Asher, S. A. J. Colloid Interface Sci. 
2000, 232, 76. 
3. Wang, W.; Asher, S. A. J. Am. Chem. Soc. 2001, 123, 12528. 
4. Xu, X.; Majetick, S.; Asher, S. A. J. Am. Chem. Soc. 2002, 124, 13864. 
5. Luo, J.; Qu, D.; Tikhonov, A.; Bohn, J.; Asher, S. A. J. Colloid Interface Sci. 2010, 345, 131. 
6. Pan, G.; Tse, A.S.; Kesavamoorthy, R.; Asher, S. A. J. Am. Chem. Soc. 1998, 120, 6518. 
7. Moinard-Checot, D.; Chevalier, Y.; Briancon, S.; Fessi, H.; Guinebretiere, S. J. Nanosci. 
Nanotechnol. 2006, 6, 2664. 
8. Selvan, S. T.; Tan, T. T. Y.; Yi, D. K.; Jana, N. R. Langmuir 2010, 26, 11631. 
9. Toshima, N. Inorganic Nanoparticles; CRC Press: Boca Raton, FL, 2011; Chapter 17, pp 475. 
10. Joo, S.; Baldwin, D. F. IEEE Electron. Compon. Technol. Conf. 2007, 1, 219. 
11. Zhao, H.; Liu, X.; Tse, S. D. J. Nanopart. Res. 2008, 10, 907. 
12. Wang, L.; Asher, S. A. Refractive-index Matching Avoids Local Field Corrections and 
Scattering Bias in Solid State Na2SO4 UV Raman Cross Section Measurements, Appl. Spectrosc., 
(accepted). 
13. Shriver, D. F.; Dunn, J. B. R. Appl. Spectrosc. 1974, 28, 319.  
14. Carlson, R. J.; Asher, S. A. Appl. Spectrosc. 1984, 38, 297.  
15. Rundquist, P. A.; Photinos, P.; Jagannathan, S.; Asher, S. A. J. Chem. Phys. 1989, 91, 4932.  
  70 
16. Asher, S. A.; Bormett, R. W.; Chen, X. G.; Lemmon, D. H.; Cho, N.; Peterson, P.; Arrigoni, 
M.; Spinelli, L.; Cannon, J. Appl. Spectrosc. 1993, 47, 628. 
17. Tuschel, D. D.; Mikhonin, A. V.; Lemoff, B. E.; Asher, S. A. Appl. Spectrosc. 2010, 64, 425. 
18. Chung, Y. Introduction to materials science and engineering; CRC Press: Boca Raton, FL, 
2007; p 16. 
19. Jiang, P.; Bertone, J. F.; Hwang, K. S.; Colvin, V. L. Chem. Mater. 1999, 11, 2132. 
20. Dudik, J. M.; Johnson, C. R.; Asher, S. A. J. Chem. Phys. 1985, 82, 1732. 
21. Ianoul, A.; Coleman, T.; Asher, S. A. Anal. Chem. 2002, 74, 1458. 
22. Hickey, L.; Kloprogge, J. T.; Frost, R. L. J. Mater. Sci. 2000, 35, 4347. 
23. Mirone, P. Spectrochimica Acta 1966, 22, 1897. 
24. Asher, S. A.; Tuschel, D. D.; Vargson, T. A.; Wang, L.; Geib, S. J. Phys. Chem. A 2011, 115, 
4279. 
  71 
4.0  REFRACTIVE-INDEX MATCHING AVOIDS LOCAL FIELD CORRECTIONS 
AND SCATTERING BIAS IN SOLID-STATE Na2SO4 UV RAMAN CROSS SECTION 
MEASUREMENTS 
(This chapter was submitted to Applied Spectroscopy and has been accepted. It is tentatively 
scheduled for publication as a Submitted Paper in the February 2012 issue [66(2)] of Applied 
Spectroscopy. The coauthors are Luling Wang and Sanford A. Asher. The work here is part of 
the extension from Chapter 3 which needs the solid state Na2SO4 Raman cross section as an 
internal standard for the solid state NaNO3 Raman cross section determination.) 
We report a refractive-index matching method to measure nonabsorbing solid UV Raman 
cross sections that avoids the local field correction and interface scattering of incident light. We 
used refractive-index matched chloroform as an internal standard to determine the solid state 995 
cm
-1
 Na2SO4 244 nm Raman cross sections. The pure liquid chloroform 668 cm
-1
 244 nm Raman 
cross section was determined by using acetonitrile as an internal standard and by calculating the 
local field corrections for the observed Raman intensities. Our measured 244 nm UV Raman 
cross sections of the solid-state 995 cm
-1
 SO4
2-
 band of 1.97±0.07×10
-28 
cm
2
/(molc·sr), is about 
half of its aqueous solution Raman cross section indicating interactions between the sulfate 
species in the solid that decrease the Raman polarizability.  
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4.1 INTRODUCTION 
Raman spectroscopy is a powerful method for studying molecular structure and environment.
1-3 
  
The Raman intensities observed are proportional to the molecular Raman cross sections. Thus, 
Raman intensities can be used to determine molecular concentrations if the Raman cross sections 
are known, if and only if, the excitation beam sampling is defined with respect to the collection 
optics.
4
 Unfortunately, direct measurements of Raman cross sections are very difficult because 
the measurements require a detailed understanding of both the incident laser light excitation 
geometry (including the excitation beam attenuation within the sample), the effective Raman 
scattered light collection solid angle, as well as the transfer efficiency of the spectrometer.
5-9 
Most previous studies of Raman cross sections measured the Raman cross sections of 
liquid solutions by using internal standards with known Raman cross sections.
10-18
 Some of these 
studies
10, 18
 directly reference their relative intensity measurements to the determination of the 
absolute Raman cross section of benzene at 514.5 nm by Kato et al.
5
 and Abe et al.,
19
 while 
others
11-17
 reference their measured intensities to more recently measured Raman cross sections, 
that, however, were also referenced to benzene. The internal standard methods are relatively easy 
and quite accurate for measuring Raman cross sections for liquids or species in solution.
  
In contrast, there are very few measurements of Raman cross sections of solids.
20-22
 
Raman cross section measurements of solids are more challenging because it is more difficult to 
homogeneously disperse different species in order to use internal standard methods. Many 
analytically important applications require determination of the concentrations of solid state 
materials. This is the case for explosive materials, for example, that are almost always found in 
the solid state.
20
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We recently developed a method to disperse sub 20 nm solid particles in the interstices of 
close packed silica photonic crystals.
23
 This created a solid state sample where the individual 
particles were too small to attenuate the resonant incident exciting light or the Raman scattered 
light traversing individual particles. This prevented self-absorption bias in the measurement such 
that the relative intensities observed were proportional to the solid state particle Raman cross 
sections.    
We achieved the intimate mixing of the <20 nm particles of the analyte and the internal 
standard by subliming a frozen solution containing both the analyte and internal standard species 
that filled the nanosize interstices of a close packed silica opal photonic crystal. In order to 
determine the solid Raman cross section of the analyte solid particles we needed to determine the 
Raman cross sections of a convenient solid particle internal standard.
23
  
In the work here we demonstrate a refractive-index matching method used to determine 
the Raman cross sections for solid nonabsorbing Na2SO4 particles. We use pure chloroform as an 
internal standard since it has a 244 nm refractive index of ~1.53,
24
 almost identical to that of 
solid Na2SO4.
25
 In addition, it does not dissolve Na2SO4. Refractive index matching the solid 
Na2SO4 particles avoids any scattering by the particle-solvent interface which would limit the 
particle penetration of the excitation wavelength. We determined the 244 nm UV Raman cross 
section of chloroform by measuring the Raman intensity ratio of chloroform to that of 
acetonitrile in a chloroform/acetonitrile solution. We determined the Raman cross section of 
chloroform in the neat solvent by calculating the local field correction. We then suspended the 
rapidly mixed, finely ground solid Na2SO4 particles in neat chloroform in order to measure the 
244 nm UV Raman intensity ratio of the solid Na2SO4 particle relative to chloroform.  
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4.2 EXPERIMENTAL SECTION 
4.2.1 UV Raman Spectroscopy Instrumentation 
The spectroscopic instrumentation was described in detail elsewhere.
26, 27
 Raman spectra were 
excited with the 244 nm line of a CW UV Ar Laser (Innova 300 FReD, Coherent Inc.). The 
samples were rapidly stirred in a sealed fused-silica cylindrical quartz cell with a 10 mm light 
path. The laser excitation excited the sample in a backscattering geometry with a beam spot size 
~25 m. The Raman scattered light was dispersed and detected by a Spex Triplemate 
Spectrograph and a Princeton Instruments CCD camera (Spec-10 System, Model 735-0001). 
Neat acetonitrile was used for the Raman shift calibration.  
4.2.2 UV Raman Measurements of Acetonitrile, Chloroform and Chloroform/Acetonitrile 
The chloroform/acetonitrile mixture was prepared by mixing a volume ratio of 1:3 of the two 
liquids. We consecutively collected three spectra of 1.5 s accumulations each. No UV Raman 
spectral differences were evident between consecutive spectra. This indicates a lack of sample 
degradation, even though the CHCl3 absorbs some of the laser light (molar absorptivity of 0.0743 
L·mol
-1
·cm
-1
, calculated from the pure chloroform UV-Vis absorption spectrum (Fig. 4.1)).  
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Figure 4.1 UV-Vis absorbance spectra of pure chloroform, pure acetonitrile and 13.1 wt% Na2SO4 in water. 
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4.2.3 UV Raman Measurements of Chloroform and Na2SO4/Chloroform Dispersion 
Anhydrous solid Na2SO4 was finely ground by using a mortar and pestle. Fig. 4.2 shows a 
micrograph of ground solid Na2SO4 particles showing an average diameter <30 μm. The finely 
powdered Na2SO4 was suspended in neat chloroform at Na2SO4 concentrations of 23.6 mg/mL 
(mole ratio 1:73.7), 29.8 mg/mL (mole ratio 1:58.1) and 86.6 mg/mL (mole ratio 1:19.6). The 
sample was rapidly stirred to produce a homogeneous suspension in the cylindrical fused quartz 
sample cell. For each sample, Raman spectra were obtained at, at least, three different heights; 
the similarity of the spectra indicated sample homogeneity. Each measurement was repeated at 
least three times with 15 s accumulations each. The Raman spectra were similar indicating that 
no sample degradation occurred.  
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Figure 4.2 Optical image of ground solid Na2SO4 particles. 
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4.2.4 UV Raman Measurements of Acetonitrile and Na2SO4/ acetonitrile 
For comparison, we also measured UV Raman spectra of finely powdered Na2SO4 suspended in 
non refractive-index matched acetonitrile at Na2SO4 concentrations of 19.4 mg/mL (mole ratio 
1:136.6), 29.0 mg/mL (mole ratio 1:90.6) and 52.1 mg/mL (mole ratio 1:48.8) using a method 
identical to that for solid Na2SO4 particles in chloroform, as described above. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Dependence of Raman Cross Sections on the Local Field 
Eqn. 4-1 shows the expression for the Raman cross section 

 (0) , where 

0  and 

  are the 
frequencies (cm
-1
) of the excitation light and the molecular vibrational frequency, b is the zero-
point amplitude of the vibrational mode, 

g  is the vibrational mode degeneracy, 

'  is the 
symmetric and 

 '  is the anisotropic invariant of the polarizability tensor, 

s  is the depolarization 
ratio for linearly polarized incident light,   and    are the electric field polarization vectors of the 
exciting light and the Stokes scattered light, L is a local field correction factor associated with the 
increase in the Raman intensity of the analyte in the condensed phase of refractive index n, 
compared to that of the isolated molecule in the gas phase.
28, 29
 L is described by eqn. 4-2, where 
 

n0  and  

ns are the homogeneous sample refractive indices at  

0  and 

0   .
 28, 29
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Many previous studies demonstrated that the ratio of Raman cross sections of a molecule 
dissolved within its own pure liquid state ( 

l ) to that as a solute molecule ( 

m ) in solution is 
proportional to the ratio of the local field correction factors of the pure liquid (

Ll  ) to that of the 
solution (

Lm  ) as described by eqn. 4-3, where the refractive indices  

nl  and 

nm   are those of the 
pure liquid and of the solution samples of the molecule, respectively.
19, 30, 31 
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This local field correction accounts for the increase in the electromagnetic field 
associated with the polarization of the environment around the Raman scattering molecule. The 
observed Raman intensity ( ) is described by eqn. 4-4, where N is the number of molecules 
contained in the illuminated volume whose Raman scattering is transferred into the spectrometer. 

F(n,) is the fraction of the scattered light imaged into the spectrometer which depends upon 
the solid angle collected (

 ), which depends upon the sample refractive index ( ) at the Raman 
scattered frequency. 

S(0 )  is a complex factor describing the efficiency of light collection 
from the sample volume elements whose scattering is transferred into the spectrometer. It 
recognizes attenuation of the excitation beam and Raman scattered light within the sample by 
phenomena such as absorption and sample scattering. 

E(0 ) is the throughput efficiency of 
the spectrometer at the Raman scattered frequency.
10
  
                   )( )( )( ),(  )( 00000   ESnFINI                       (4-4) 
The observed Raman intensity ratio of two species, a, the analyte and b, the internal 
standard molecularly dispersed within a single solution is given by eqn 4-5. 
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Equation 4-6 shows that the common internal standard method of determining the analyte 
Raman cross section ( 

m
a (0)) from the ratio of observed intensities of the analyte to that of the 
internal standard only requires knowing the relative concentrations of the analyte ( 

Na ) and 
internal standard molecules ( 

Nb ), as well as the internal standard Raman cross section 
( 

m
b (0)), assuming negligible differences between 

F(n,) and 

F(n',), 

S(0 )  and 

S(0 ') , and 

E(0 ) and 

E(0 ') at the Raman scattered frequency of the analyte 
( 

0  ) versus that at the internal standard ( 

0 '), respectively. The subscript m indicates 
the sample solution.  
The local field effect causes the Raman cross sections of molecules with identical Raman 
polarizabilities to show different Raman cross sections, and, thus, scatter with different Raman 
intensities in media of different refractive index. Eqn. 4-3 indicates that the local field correction 
increases the Raman cross section in the pure liquid if its refractive index exceeds that of the 
solution sample. The solution Raman cross sections of the analyte and internal standard can be 
related to their pure molecule Raman cross sections by Eqn. 4-3.  
We can calculate the analyte pure liquid Raman cross section from that measured in the 
solution with the dissolved internal standard if we know the pure internal standard Raman cross 
section. Substituting the 

m
a (0) and 

m
b (0)in eqn. 4-6 with that of the pure analyte (

l
a (0)) and 
pure internal standard Raman cross sections (

l
b (0)) and including the local field correction, we 
can write the relationship between the pure analyte Raman cross section to that of pure internal 
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standard (eqn. 4-7, the subscript   indicates pure liquid or solid compound state). Therefore, the 
pure liquid analyte Raman cross section (

l
a (0)) can be calculated from the observed Raman 
intensity ratio (

Im
a (0) /Im
b (0), the concentration ratio (

Nb /Na), the refractive indices (

nl
a    

nm    

nl
b ) and the pure internal standard Raman cross section  

l
b (0). 
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4.3.2 Chloroform 244 nm UV Raman Cross Section Determination 
Fig. 4.3 shows the UV Raman spectra of pure acetonitrile, pure chloroform and a 
chloroform/acetonitrile mixture (volume ratio, 1:3). The 668 and 918 cm
-1 
bands derive from the 
liquid chloroform ν3 symmetric stretching mode32 and the liquid acetonitrile ν4 C–C stretching 
mode,
33
 respectively. The measured relative Raman intensity (

Im
a (668) /Im
b (918)= 1.86) was 
obtained by integrating the Fig. 4.3 Raman bands of the CHCl3 / CH3CN solution (solid line). 
The aqueous solution 918 cm
-1 
acetonitrile (3.8 M) Raman cross section was been reported by 
Asher et al. as 2.66×10
-29
 cm
2
/(molc·sr) at 244 nm excitation.
10
 Given a calculated 1.382 
refractive index of this acetonitrile aqueous solution, close to that of pure acetonitrile, we 
calculate a similar Raman cross section to that of the pure liquid acetonitrile (

l
b(918)) of 
2.70×10
-29
 cm
2
/(molc·sr) using eqn. 4-3.  
The relative concentration of the chloroform and acetonitrile (

Na(668)/Nb (918)=0.215) 
was calculated from the volume ratio (1:3) and densities (1.474 g/mL for chloroform, 0.787 
g/mL for acetonitrile). The refractive indices of chloroform and acetonitrile are 1.53 and 1.39 at 
244 nm, respectively.
24, 34
 We calculated a solution refractive index of 1.425 at 244 nm. By using  
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Figure 4.3 UV Raman spectra of chloroform (dashed line), acetonitrile (dotted line), and 
chloroform/acetonitrile mixture (volume ratio, 1:3, solid line). 
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eqn. 4-7, we calculate a pure liquid chloroform 244 nm UV Raman cross section for the 668 cm
-1
 
band of  

l
a(668)=3.00±0.09×10
-28
 cm
2
/(molc·sr). 
4.3.3 244 nm UV Raman Spectra of Chloroform and Na2SO4/Chloroform  
Fig. 4.4 shows the 244 nm Raman spectra for the Na2SO4/chloroform dispersions of Na2SO4 
particles. We calculated Na2SO4 concentrations of 23.6 mg/mL (mole ratio 1:73.7), 29.8 mg/mL 
(mole ratio 1:58.1) and 86.6 mg/mL (mole ratio 1:19.6), respectively. The measured relative 
intensities of the 995 cm
-1 
SO4
2-
 symmetric stretching band to that of the liquid chloroform 668 
cm
-1
 band ( 

Im
a (995) /Im
b (668)), that were obtained by integrating the Raman bands in Fig. 4.4, 
increased from 0.0091, to 0.0108, and to 0.0342 as the solid Na2SO4 concentration increased 
from 23.6 mg/mL, to 29.8 mg/mL, and to 86.6 mg/mL.  
Because of the very similar refractive index of chloroform to that of solid Na2SO4 at 244 
nm, the local field correction factor should be close to 1.0 and will not impact the Raman cross 
section. We calculate the solid 244 nm UV Raman cross sections for the 995 cm
-1
 SO4
2-
 
symmetric stretch band of 2.01±0.08×10
-28
, 1.88±0.07×10
-28
 and 2.01±0.07×10
-28 
cm
2
/(molc·sr) 
for these three different sample concentrations respectively, giving an average solid 244 nm UV 
Raman cross sections for the 995 cm
-1
 SO4
2-
 band of 1.97±0.07×10
-28 
cm
2
/(molc·sr). This value is 
around half of the aqueous Raman cross section of 3.54×10
-28
 cm
2
/(molc·sr) at 244 nm. The 
difference is close to the solid and solution NaNO3 Raman cross section difference reported by 
Asher et al.,
23
 which is dominated by chemical differences between the solid state and solution 
state.
 23
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Figure 4.4 UV Raman spectra of liquid chloroform and chloroform with increasing amounts of solid Na2SO4 
particles of 23.6 mg/mL, 29.8 mg/mL, and 86.6 mg/mL. Raman spectra were normalized to the chloroform 
668 cm
-1
 band. 
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By using the wavelength dispersion relationship for the solution 981 cm
-1
 SO4
2-
 band, we 
can calculate that the 229 nm solid Raman cross section for the 995 cm
-1
 SO4
2-
 band is 2.74×10
-28 
cm
2
/(molc·sr) compared to an aqueous solution value of 4.94×10
-28 
cm
2
/(molc·sr) at 229 nm 
excitation.
10 
4.3.4 UV Raman Spectra of Acetonitrile and Na2SO4/acetonitrile 
For comparison, we also measured the solid sulfate Raman intensities in a liquid that was not 
refractive index matched to the solid particles. Fig. 4.5 shows the 244 nm UV Raman spectra of 
solid Na2SO4 dispersed in pure acetonitrile containing Na2SO4 particles at concentrations of 19.4 
mg/mL (mole ratio 1:136.6), 29.0 mg/mL (mole ratio 1:90.6) and 52.1 mg/mL (mole ratio 
1:48.8). Fig. 4.5 also shows the neat acetonitrile spectrum. The increasing stray light background 
observed between 400 and 800 cm
-1
 indicates that elastic scattering is increased as the solid 
sulfate concentration increases in this non-refractive-index-matched solution. As the Na2SO4 
particle concentration increases, the integrated relative Raman intensity ratio  

Im
a (995) /Im
b (918) 
increases from 0.0347, 0.0572 to 0.118.  
Unlike the dissolved solution, for the Na2SO4 particle/acetonitrile dispersion both the 
acetonitrile and solid Na2SO4 molecules are in their own pure phases with their particular 
refractive indices. Therefore, eqn. 4-7 becomes independent of the refractive indices, and we 
calculate solid state 995 cm
-1
 SO4
2-
 band 244 nm Raman cross sections of 1.28±0.04×10
-28
, 
1.40±0.04×10
-28
 and 1.55±0.05×10
-28
 cm
2
/(molc·sr) as the Na2SO4 particle concentration 
increases. The average solid 244 nm UV Raman cross sections for the 995 cm
-1
 SO4
2-
 band is 
1.41±0.14×10
-28 
cm
2
/(molc·sr). This value is about 30% smaller than that found for solid Na2SO4  
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Figure 4.5 UV Raman spectra of liquid acetonitrile and acetonitrile with increasing amounts of solid 
Na2SO4 particles of 19.4 mg/mL, 29.0 mg/mL, and 52.1 mg/mL. Raman spectra were normalized to the 
acetonitrile 1375 cm
-1
 band. 
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in chloroform. This decrease results from less penetration of the exciting light into the Na2SO4 
particles because of the interface scattering of the incident light due to the refractive index 
difference between solid Na2SO4 and the acetonitrile.  
We conclude that the refractive index-matching method used here is a fast and 
convenient method to determine solid particle Raman cross sections because it avoids both the 
local field correction and interface scattering. In cases where a single solvent doesn’t match the 
solid analyte’s refractive index, one could use mixed solvents to match the refractive index and 
use the local field correction method. 
4.4 CONCLUSIONS 
We demonstrated a refractive-index matching method for determining the solid state Na2SO4 
particle 244 nm UV Raman cross section. The 244 nm UV Raman cross section of liquid 
chloroform was measured by using acetonitrile as an internal standard. The 244 nm Raman cross 
section of liquid chloroform was found to be 3.00±0.09×10
-28
 cm
2
/(molc·sr). We then used liquid 
chloroform as an internal standard to determine that the solid Na2SO4 244nm UV Raman cross 
section of the 995 cm
-1
 symmetric stretching band is 1.97±0.07×10
-28
 cm
2
/(molc·sr). This is the 
first report of a method to measure nonabsorbing solid UV Raman cross section that avoids 
interface-scattering bias.  
We also measured a 30% smaller value for the solid 995 cm
-1
 Na2SO4 Raman cross 
sections when we attempted to use non refractive-index matched acetonitrile. This 30% decrease 
results from the Na2SO4 particle interface scatterings.  
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The refractive index matching method provides a simple and accurate way to determine 
the solid state particle Raman cross sections, avoiding the use of the local field corrections and 
avoiding interface scattering bias. This method is useful for accurate determination of solid state 
Raman cross sections. 
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5.0  FABRICATION OF SILICA SHELL PHOTONIC CRYSTALS THROUGH 
FLEXIBLE CORE TEMPLATES 
(This chapter was published in the Chemistry of Materials 2009, 21, 4608-4613. The coauthors 
are Luling Wang and Sanford A. Asher.) 
We attached very small silica particles onto flexible monodisperse poly (N-
isopropylacrylamide, PNIPAm) core particles synthesized by dispersion polymerization. These 
silica particles were attached to the partially swollen PNIPAm particles by the hydrolysis and 
condensation of tetraethoxysilane at 24 C. The resulting silica particle-functionalized PNIPAm 
core particles show reversible swelling and shrinking as the temperature is cycled. These 
particles form close-packed-array photonic crystals as the solvent evaporates; the cores shrink to 
form a silica shell around the pure PNIPAm dry core particles as they close pack. The PNIPAm 
cores were removed by calcination, leaving a PC composed of essentially pure continuous silica 
shells. These silica shell photonic crystals Bragg diffract UV light at ~310 nm. The close packed 
particle interstices are continuous and are easily filled by water. In contrast, the silica shells are 
impervious to water because the process of making them results in a continuous shell of silica 
without holes. 
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5.1 INTRODUCTION 
Developing synthetic methodologies to fabricate monodisperse nano and mesoscale materials is 
important because these materials can be used as the building blocks for novel complex and 
smart materials such as catalysts,
1
 drug delivery materials
2
 and photonic crystals (PCs).
3-13
 It 
would be especially useful if these building blocks could self-assemble into functional devices.
5-8
  
PC materials are of great technological interest because they can be used to control the 
propagation of light, for example, in future photonic circuitry.
14-16
 In the simplest cases PCs will 
possess one dimensional periodicities which will result in photonic bandgaps for specific spectral 
intervals at specific angles that meet the Bragg condition.
5-8
 Light at wavelengths and angles that 
meet the Bragg diffraction condition cannot propagate through PC materials. The PC diffraction 
efficiencies, the diffraction wavelengths and the diffraction bandwidths depend upon the 
periodicity of the PC refractive index modulation and the modulation depth.
16, 17
  
Much of the work in photonic crystals has utilized materials made from colloidal 
particles.  In this case the important parameters include the particle refractive index, its diameter 
and the particle morphology.
18-21
 Some particle array crystal structures, such as the inverse face 
centered cubic (fcc) structure permit the PC to possess 3-D photonic bandgaps if a sufficiently 
large refractive index contrast occurs between the sphere air holes and the interstitial spaces.
22-25
 
There is an extensive literature describing methods to synthesize the simplest 
monodisperse building blocks of PC, which are colloidal spheres of specific size possessing 
particular surface functionalities.
26-29
 These monodisperse colloidal particles can be composed of 
polymer
28 
or inorganic
29
 or metallic materials.
30
 In addition, more complex spherical colloidal 
particles have been synthesized which contain nanoscopic inclusions such as semiconductor 
quantum dots, as well as silver, gold and other quantum dots.
6, 31, 32
 These particles can form 
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close-packed PCs through various methods of packing such as slow sedimentation and solvent 
evaporation,
33
 centrifugation,
34
 spin coating
35
 and convective self-assembly.
36 
Alternatively, charged colloidal particles have been synthesized whose surfaces are 
functionalized by strong acid groups.
5-8
 These charged particles in pure water readily self-
assemble into highly-ordered crystalline colloidal arrays (CCA) PCs.
5-8
  
The next level of complexity for colloidal particle building blocks would utilize 
additional design degree of freedoms enabled by the use of particles which consist only of 
hollow spherical shells.
5, 18-21
 The diffraction properties could be controlled by modifying the 
colloidal particle shell thickness, as well as by controlling the refractive index of materials which 
are diffused into the cores of the hollow spherical shells.
19-21, 37
 In addition, the shell material 
could be replaced by air to form air shell complex PC structures.   
We have been working on developing PC composed of shells of colloidal particles. We 
were among the first to synthesize monodisperse hollow spherical polystyrene shell particles and 
were the first to form PCs from hollow particles.
5
 We prepared monodisperse core-shell particles 
by polymerizing a polystyrene shell around a silica core. Etching away the silica core resulted in 
hollow monodisperse polystyrene particles. A major limitation was that the polystyrene shell was 
flexible like a balloon and could collapse to form bowl shaped structures. Other synthetic 
approaches have fabricated more structurally rigid shells out of silica and titania etc.
18, 38-47
 
Caruso et al.
38-40
 utilized a layer-by-layer self-assembly technique to coat submicrometer 
spherical polymer particles with silica nanoparticles. The polymer core was then removed by 
dissolution or calcination to create hollow particles. Hollow silica spheres were also synthesized 
through the hydrolysis and condensation of tetraethoxysilane (TEOS) on the surface of 
polystyrene particles
41
 or on ZnS particles.
42
 The core was then removed to produce hollow 
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spherical silica shells. Wong et al.
43
 reported a room-temperature, wet chemical-based synthesis 
route in which silica and gold nanoparticles were cooperatively assembled with lysine-cysteine 
diblock copolypeptides into robust hollow spheres. Chen et al.
44, 45
 reported a technique to 
fabricate hollow silica shells and hollow titania shells via a one-step process where the 
polystyrene core particles dissolved as the silica shell condensed. Yin et al.
46
 reported the 
spontaneous transformation of silica colloids from solid particles to hollow spheres in the 
presence of NaBH4. 
In addition, Colvin et al.
18
 reported a “lost-wax” method that grew colloidal particle 
shells within an inverse opal template. Xia et al.
47
 prepared mesoscale hollow spheres of TiO2 
and SnO2 by templating their sol-gel condensation products within a crystalline array of 
monodisperse polystyrene particles. 
Small ~30 nm hollow spherical rigid shells have been synthesized by using of polymeric 
micelles.
48
 The advantages of flexible micelles or microgels are that the size and morphology of 
the particles can be easily tuned by adjusting the solution temperature, ionic strength, and solvent 
composition.
49
  
In the work here we demonstrate the synthesis of monodisperse silica shells around a 
flexible PNIPAm colloidal particle core. We first attach very small silica particles onto the 
exterior of swollen PNIPAm particles. PNIPAm is a well-known polymer that is highly swollen 
in water below its lower critical solution temperature (LCST). Above this temperature, it 
undergoes a reversible volume phase transition to a collapsed, dehydrated state.
7
 The swollen 
PNIPAm core particles are utilized as a highly elastic and soft template. As solvent is evaporated 
from a dispersion of these monodisperse core-shell particles, the PNIPAm cores shrink and the 
silica particles on the surface form a silica shell. During this process, the core-shell particles self- 
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assemble into a close-packed array PC. The system is further condensed as the core is removed 
by calcination at high temperature.  
5.2 EXPERIMENTAL SECTION 
5.2.1 Preparation of monodisperse PNIPAm core particles 
PNIPAm nanoparticles were synthesized by dispersion polymerization. 1.4 g NIPAm, 2.0 g 
polyvinylpyrrolidone (PVP40), 0.066 g N, N'-methylenebisacrylamide (BIS) were dissolved in 
95 mL water and bubbled with nitrogen gas for 0.5 hr. A 0.2 g portion of α, α´-
azodiisobutyramidine dihydrochloride (AIBA, initiator, Fluka) was dissolved in 5 mL water and 
bubbled with nitrogen gas before addition. The polymerization was carried out at 70 ˚C for 6 h 
under a nitrogen atmosphere, and then, the reaction mixture was cooled to room temperature 
while stirring. The particle solution was filtered through glass wool and dialyzed for 14 days by 
using 10,000 MWCO dialysis tubing (Pierce). Water was changed three times a day. The 
particles were characterized by both transmission electron microscopy (TEM) and dynamic light 
scattering (DLS). 
5.2.2 Preparation of PNIPAm-silica core-shell particles 
The silica coating process was carried out by hydrolysis and condensation of TEOS on the 
surface of the PNIPAm nanoparticles by using either of two different recipes. In the first 
example, 1.0 mL of a PNIPAm (0.80 wt %) particle dispersion was added to 9 mL water under 
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stirring. The mixture was adjusted to pH 11.0 with ammonium hydroxide. Thirty microliters 
TEOS was added to the solution under stirring. The reaction was continued for 4 h at 24 C, and 
the resulting particles were characterized by TEM. The second recipe was the same except that 
the pH was initially adjusted to 8.0 with ammonium hydroxide. The temperature dependence of 
the core-shell particle was characterized by DLS. 
5.2.3 Fabrication of silica shell PC  
The PNIPAm-silica core-shell particle dispersion was dried overnight at 90 ˚C to form a close 
packed PC. Then the sample was heated at 250 ˚C for 4 h and at 450 ˚C overnight to remove the 
PNIPAm core. The samples were redispersed in water and then characterized by scanning 
electron microscopy (SEM) and TEM. The reflectance spectrum was taken on 
microspectrophotometer (Craic Technologies, Inc., QDI 2010). The microscope objective was a 
Davin reflecting objective 15×, NA 0.28.  
5.2.4 Characterization 
For TEM measurements, a few drops of a dilute dispersion of the nanoparticles were dried on a 
carbon-coated copper grid (Ted Pella, Inc.) and observed by Philips Mogagni 268 TEM. Samples 
for SEM were sputter-coated with palladium. SEM studies were performed on Phillips FEG XL-
30 FESEM. DLS was measured by using a Brookhaven Corp. ZetaPALS.  
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5.3 RESULTS AND DISCUSSION 
Our objective in this work was to synthesize a silica shell close-packed PC. To accomplish this, 
we needed to form a flexible silica precursor shell which would survive the ultimate removal of 
the core. To accomplish this, we developed a synthesis of a flexible PNIPAm nanogel core 
which during the silica condensation was swollen where silica particles attached to the exterior 
hydrogel surface. We expected that as the system self-assembled into the final close packed array 
the PNIPAm particles would shrink to assemble a fully dense silica shell.  
The route for the fabrication of silica shell photonic crystals is shown in Scheme 5.1. 
Monodisperse PNIPAm colloidal particles were synthesized by dispersion polymerization. These 
PNIPAm colloidal particles were then coated with a silica shell. The resulting monodisperse 
PNIPAm-silica core-shell particles self-assembled into a close-packed PC as the solvent 
evaporated. Heating decomposed and vaporized the PNIPAm cores, leaving a PC composed of a 
close-packed array of silica shells that diffracted light.  
We originally tried to utilize the negatively charged, monodisperse PNIPAm 
nanoparticles we previously synthesized
7, 8
 which readily self-assemble into CCA. However, we 
were unable to fabricate a silica shell on the surface of these PNIPAm particles, presumably 
because the silica particles are also negatively charged through the ionization of surface silanol 
groups. 
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Scheme 5.1 Preparation of Silica shell Photonic Crystals. 
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Thus, we instead synthesized positively charged PNIPAm core particles by using the 
cationic initiator AIBA. In addition, we used the amphiphilic polymer PVP40 instead of anionic 
sodium dodecyl sulfate (SDS) as a stabilizer during the polymerization. The polymerization 
process is similar to that described elsewhere.
44, 50
 Fig. 5.1a shows a TEM image of the 
monodisperse PNIPAm core particles with diameters measured by TEM and DLS of 294 ±25 nm 
and 453 ±4 nm (at 24 ˚C). The TEM particle size is much smaller than that from DLS due to 
shrinkage during the drying process. Bragg diffraction iridescence was observed when the 
particles were centrifuged at 12000 g for 1 h at 24 ˚C (Fig. 5.1b). 
Fig. 5.2 shows that the diameter of the PNIPAm core colloids decreases from ~512 nm at 
10 ˚C to ~244 nm at 40 ˚C due to the well-known volume phase transition which shows an 
LCST
49
 of ~32 ˚C. The turbidity of a dilute unordered dispersion of the PNIPAm core colloids 
increases as the diameter decreases due to the increased refractive index of the smaller particles.
7
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Figure 5.1 (a) TEM image of PNIPAm core particles. (b) Photograph of Bragg diffraction from PNIPAm core 
particles. 
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Figure 5.2 Temperature dependence of diameter and turbidity of PNIPAm Particles. 
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To coat the PNIPAm with silica, we utilized a modified Stöber process. A typical 
reaction mixture contained TEOS as the silica precursor, ammonium hydroxide as the catalyst 
and water as the reaction solvent. The silica coatings were performed either at pH 11.0 or pH 8.0. 
Fig. 5.3a shows that at pH 11.0 the PNIPAm core particles were coated with small 20~40 nm 
silica particles. In addition, other silica aggregates (as indicated by the arrow) and free silica 
particles (within the rectangle) also form in solution. Fig. 5.3b shows that by slowing the 
hydrolysis rate by decreasing the pH to 8.0 we obtain monodisperse PNIPAm-silica core-shell 
particles with a diameter of 456 ±24 nm and a silica shell thickness of ~80 nm. Iridescence of 
this sample was also observed (similar to Fig. 5.1b) after centrifugation. 
Fig. 5.4 shows the temperature dependence of apparent diameter of the PNIPAm-silica 
core-shell particles. After silica coating, the particle has a diameter of 520 ± 3 nm (at 24 ˚C) 
which is about 70 nm larger than that of original PNIPAm core particles at 24 ˚C (453 ± 4 nm). 
As the temperature increases to 40 ˚C, the core-shell particle diameter decreases to 280 ± 4 nm. 
This diameter is also about 40 nm larger than that of the PNIPAm core particles (244 ± 2 nm at 
40 ˚C). After heating to 40 ˚C during the first temperature cycle, the core-shell particle diameter 
does not fully return to its original diameter; at 24 ˚C it has a 28 % decreased diameter of 374 ± 3 
nm. The silica shell prevents the full expansion of the core-shell particle. Further temperature 
cycles show continued reversible expansions and contractions of this core shell particle. 
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Figure 5.3 TEM of PNIPAm core particles after silica coating at (a) pH11.0 and (b) pH 8.0 (the inset 
shows a core-shell particle at higher magnification; the scale bar is 500 nm). 
Figure 5.4 Temperature dependence of the DLS measured apparent particle diameter of the 
PNIPAm-silica core-shell particles (solid line drawn to help the eye). 
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Fig. 5.5a shows SEM of 210 nm diameter unordered PNIPAm-silica core-shell particles 
formed by slow sedimentation followed by drying in air. By carefully controlling the temperature 
and slowly evaporating water,
33
 we fabricated an ordered, close-packed structure as shown in 
Fig. 5.5b. If the image of the particles is magnified, numerous small white dots appear which 
derive from the silica particles on the surface of the PNIPAm cores. 
Fig. 5.6a shows SEM of the ordered hollow close packed silica shell structure formed 
after removal of the polymer core by calcination. Ordered hollow silica structures can be clearly 
observed. Fig. 6b shows a TEM of a very thin evaporated sample where the individual silica 
shells can be discerned. The diameter of the hollow core measured by both TEM and SEM is 
~140 nm. This diameter is much less than that measured for the pure shrunken PNIPAm 
particles, presumably because the silica shell further collapses upon calcination. We measure a 
~15 nm shell thickness by using TEM and SEM.  
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Figure 5.5 SEM of (a) unordered and (b) ordered close-packed silica-shell/ PNIPAm-core particles. 
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Figure 5.6 (a) SEM image of the cross section of silica shell photonic crystals. 
(b) TEM image of the silica shell photonic crystals. 
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Fig. 5.7 shows the reflectance spectrum of these close-packed silica shell PCs measured at 
normal incidence by using a microspectrophotometer. The reflectance peaks in Fig. 5.7 result 
from Bragg diffraction from the ordered structure
51
 of the silica shell PCs. We assume that the 
silica shells arrange in an ideal fcc close-packed array where the volume fraction composed of 
the silica shells and hollow cores is 0.74. This leaves the interstitial space volume fraction to be 
0.26.  
We measured the diffraction for the dried PC as well as for the same PC immersed in 
water. We expected a large diffraction red shift due to the increase in refractive index due to the 
expected increase in water volume fraction. In contrast, Fig. 5.7 shows little shift of the 
diffraction peak wavelength between air (~306 nm) and water (~321 nm) which indicates only a 
~5 % increase in refractive index. Apparently, water cannot penetrate to the cores. 
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Figure 5.7 Reflectance spectrum of silica shell photonic crystals in air (solid line) and water (dash line). 
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We calculated the impact of water only filling the interstices from equations 5-1 to 5-3, 
where navg is the average refractive index of the PC which relates the wavelength diffracted, λ, 
lattice spacing, d, and glancing angle, θ, in Bragg’s law: λ = 2 navg d sinθ. Eqn. 5-1 calculates navg 
assuming that water can only fill the interstices but not the cores. The volume fraction of 
interstices for close packed spherical particles is 0.26. nw , 
2SiO
n , and nair  are the refractive indices 
of the solvent, silica (1.425), and air (1.000), 
2SiO
 is the volume fraction of silica shells, D is the 
outside diameter of the core-shell particles and Di is the diameter of the hollow cores.  
                                     airSiOSiOSiOwave nnnn )74.0(26.0 222                                           (5-1) 
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We calculate navg = 1.139 in air and navg = 1.224 in water. Thus, we calculate that we will 
observe a red shift of ~7%, close to that experimentally observed. This indicates that the cores 
are actually sealed during the calcination process.  
5.4 CONCLUSIONS 
We developed a synthesis to attach silica particles onto flexible monodisperse PNIPAm nanogel 
core particles. These PNIPAm-silica core-shell particles show reversible swelling and shrinking 
in water as the temperature is cycled. Slow evaporation of solvent causes these particles to self-
assemble into a close packed PC. Calcination removes the PNIPAm particle core leaving a PC 
composed of a silica shell close packed array which has air both in the interstices as well as in 
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the cores. The shrinking of the silica shell/PNIPAm core particles during solvent evaporation and 
calcination seals the cores due to formation of a continuous silica shell. This makes the shells 
impermeable to water. 
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6.0  SUMMARY AND FUTURE WORK 
6.1 SUMMARY OF WORK 
We developed facile methods to synthesize new types of CCA particles. We developed novel 
CCA Bragg diffraction devices for deep UV application based on our newly developed silica 
CCA. We also demonstrated the utilization of the CCA filter as a Rayleigh rejection filter for UV 
Raman application. We fabricated silica shell photonic crystals using our newly developed 
PNIPAm-silica core-shell particles. We fabricated complex stoichiometrically-defined 
nanoparticles using the defined interstices of the close-packed photonic crystals. We successfully 
conducted the first resonance Raman cross-section measurements of solids that avoids the 
biasing of self-absorption using these stoichiometrically defined nanoparticles. We also 
developed a refractive-index method to determine solid-state Na2SO4 Raman cross section that 
avoids local field corrections and particle interface scattering.  
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6.2 FUTURE WORK 
6.2.1 Future work in the silica CCA deep UV narrow band rejection filter 
We have developed efficient silica CCA deep UV Bragg diffraction devices and demonstrated 
the utility of the CCA filter as a Rayleigh rejection filter in deep UV Raman measurements. 
Theoretical calculations predict that the silica CCA diffraction will have a FWHM of 2 nm with 
a transmission of ~10
-11
 at the band center. Currently, our silica CCA filter has not achieved 
these theoretical values. Future work is needed to improve the ordering of the silica CCA for 
higher rejection efficiency and narrower full width at half maximum (FWHM). In addition, since 
the silica CCA is in an aqueous dispersion, mechanical vibration and temperature fluctuation will 
affect the CCA ordering which cause changes in the diffracted wavelength and efficiency. Future 
work is also needed to improve the stability of the CCA filter by solidifying the silica CCA into a 
polymerized CCA (PCCA) while maintaining the efficiency of the CCA Bragg diffraction. The 
CCA filter will also be very important for the development of hyperspectral imaging and 
portable deep UV Raman instrumentations.   
6.2.1.1 Improvement of the ordering of the silica CCA 
In contrast to an atomic system, the colloidal dispersion, inevitably, has some distribution of 
particle sizes. The polydispersity here is defined as the standard deviation of the colloidal 
particle size distribution divided by its average particle size. Both theoretical and experimental 
studies show that the polydispersity can influence the structural ordering,
1
 optical properties,
2, 3 
 
crystallization,
4-8
 phase transitions,
1, 9, 10
 defects,
11
 and also the thermodynamic properties
12, 13
 of 
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colloidal dispersions. To crystallize into a CCA, the polydispersity of the colloidal particles 
should not exceed a critical value that is in the range from 6% to 12%.
4 
 
Chapter 2 indicated that the highly-charged silica CCA particles have an average 
diameter of ~ 47 nm with a standard deviation of 5.1 nm. The polydispersity is ~11% (in the 
range of the critical value of polydispersity), which may be responsible for the difference 
between the theoretical calculations and experimental results. 
The water-in-oil microemulsion method can be used to synthesize highly monodisperse 
silica particles with a polydispersity less than 5%.
14
 We have used the water-in-oil 
microemulsion method to prepare monodisperse, spherical silica particles with a diameter of 40.5 
± 2.9 nm (polydispersity ~ 7%) as shown in Fig. 6.1. We used the recipe developed by Chang et 
al..
15, 16
 The particle surfaces were functionalized with phosphonate ((3-
(trihydroxysilyl)propylmethylphosphonate) to reduce aggregates.
17
 The particle distribution is 
sensitive to the water/surfactant ratio and water/silane ratio.
15, 16
 Therefore, further work is 
needed to adjust these ratios to prepare narrower size distribution silica particles with less 
polydispersity (< 5%).  
The silica particles prepared by microemulsion need to be charged by functionalizing the 
surfaces with sulfonate groups so that they could self-assemble into CCA. Because the silica 
particles are suspended in non-polar solvent during the microemulsion reaction, the silica 
particles must be transferred into aqueous or alcoholic solution while avoiding irreversible 
aggregation. We can use the surface functionalization method in Chapter 2 to increase the 
surface charge of these silica particles. We expect that these highly-charged, highly-
monodisperse silica particle will show better CCA ordering. Optically, we expect to see narrower 
and deeper Bragg diffraction bands.  
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Figure 6.1 Silica particles synthesized by water-in-oil microemulsion. 
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Shear-flow is another approach that can be used to improve the CCA ordering.
18-21 
Currently, we manually control shear-flow in the CCA dispersion. The ordering would benefit 
from a mechanically controlled shear-flow process for the CCA fabrication.  
For instance, Kanai et al. developed an air-pulse-drive shear-flow for high spectral 
quality colloidal photonic crystal fabrication as shown in Fig. 6.2a.
22
 They demonstrated that the 
spectral quality of the photonic crystal increased as the pressure increased to a critical pressure as 
shown in Fig. 6.2b.
22
 We can use a similar setup to control the shear-flow for our silica CCA 
fabrication. We can also connect a peristaltic pump with a flow cell to control the shear-flow of 
the CCA dispersion for highly ordered CCA fabrication.  
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Figure 6.2 (a) Scheme of the air-pulse-drive system for the uniform colloidal crystal fabrications; (b) 
Transmission spectra for colloidal crystals produced at various ΔP: ΔP is the difference from 
atmospheric pressure. (Both (a) and (b) are from Kanai et al., Adv. Funct. Mater. 2005, 15, 25.). 
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6.2.1.2 Silica CCA solidification 
We should also solidify the silica CCA into a poly(vinyl alcohol) hydrogel while keeping the 
CCA ordering. PVA is used because it has low absorption in deep UV. Asher et al. physically 
cross-linked a thermoreversible PVA hydrogel within polystyrene CCA to form an enabling 
photonic crystal material (TGCCA).
23
 The TGCCA are stable for weeks or longer at room 
temperature and further stability can be achieved by irreversibly covalently cross-linking the 
PVA with gluteraldehyde.
23 
Similar work should be applied to silica CCA solidification. 
6.2.1.3 Silica CCA for imaging applications 
We recently filed a nonprovisional patent application for our CCA deep UV narrow band 
radiation filter.
24
 Light diffraction from the CCA can be angle-tuned over a range of 
wavelengths. The CCA filter can be used as a novel wavelength-selective optical element for 
imaging applications.  
For instance, Fig. 6.3 shows a diagram of a hyperspectral imaging device that utilizes a 
CCA deep UV wavelength-selecting device that allows wavelength tuning with a stationary 
camera.
24
 A sample is excited by monochromatic light. A collection lens collimates and directs 
the light to a Rayleigh rejection CCA filter that blocks the Rayleigh scattered light while passing 
the Raman scattered light. A wavelength selecting CCA filter Bragg diffracts a specific narrow 
wavelength band of the collimated Raman scattered light and this collimated diffracted light is 
directed to a first high-reflectivity mirror that is always parallel to the wavelength selecting CCA 
filter. The light reflected from the first high-reflectivity mirror is parallel to the light incident to 
the wavelength selecting CCA filter. The third and fourth high-reflectivity mirrors are placed 
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such that the displacement of the light after rotation can be compensated. The stationary CCD 
camera records the sample image at each CCA angle.  
The CCA will be angle tuned to diffract adjacent spectral regions. The image obtained at 
each CCA angle will result from a different narrow wavelength interval. The collection of 
images of the object (i.e. the star and triangle in Fig. 6.3) over different wavelength bands 
constitutes a hyperspectral image data set (i.e. images of the object at wavelengths from λ1 to λn 
as shown in Fig. 6.3). The different resulting images are shown in the Fig. 6.3 by the selective 
appearance of the star and triangle as the different wavelength images are measured from λ1 to 
λn. Each pixel in the image corresponds to a specific location on the object. The variation of the 
intensity of a given pixel over the spectral wavelength images is the Raman spectrum of that 
location on the object.  
Similarly, the CCA wavelength-selecting device can be also used for transmission based 
hyperspectral imaging where the CCD camera records the image of the object utilizing the 
transmitted light through the CCA.  
The development of CCA as wavelength-selecting devices will be very important for 
many imaging applications including Raman, luminescence, transmission, and reflected light 
hyperspecral imaging. 
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Figure 6.3 A diagram of a hyperspectral imaging device utilizing a CCA deep UV wavelength-selecting 
device that allows wavelength tuning with a stationary camera. 
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6.2.2 Future work in solid-state UV Raman cross-section determinations 
In Chapter 3, we developed a templated photonic crystal method to fabricate complex 
stoichiometrically defined nanoparticles.
25 
We successfully determined the solid-state NaNO3 
Raman cross section while avoiding the self-absorption bias by using stoichiometrically defined 
(NaNO3/ Na2SO4) nanoparticles.
25 
We will use this method to measure the UV Raman cross 
sections of other solid-state explosive material.  
As described in Chapter 3, a solution of the analyte (NaNO3) and the internal standard 
(Na2SO4) flowed into the interstices of the close-packed photonic crystals which were then 
freeze-dried leaving behind complex particles of solid NaNO3/ Na2SO4.
25
 Because Na2SO4 is not 
resonance enhanced in the deep UV, its Raman cross section is much smaller than that of 
resonance enhanced materials. For instance, the solid-state Na2SO4 SO4
2-
 symmetric stretching 
Raman cross section (the strongest band) is ~ 100 times less than that of solid-state NaNO3 NO3
¯
 
symmetric stretching (the strongest band).
25
 We would expect a similar ratio of the solid-state 
Na2SO4 Raman cross section to the cross sections of solid-state PETN or other explosive 
material because PETN and other explosive material are resonance enhanced in the deep UV.  
The amount of solid Na2SO4 should be much larger than that of solid NaNO3 in order to 
have comparable Raman intensities of both materials. This is not a problem for solid Na2SO4 and 
NaNO3 since both are highly soluble in water. However, for analytes such as PETN and the other 
explosive material, water cannot be used as a solvent.
26
 Unfortunately, Na2SO4 is insoluble in 
solvents that dissolve PETN and other explosive materials, i.e. acetonitrile.  
We will use ammonium nitrate (NH4NO3) as an internal intensity standard for solid-state 
PETN (or other explosive material) Raman cross section measurements: both NH4NO3 and 
PETN (or other explosive material) are resonance enhanced in the deep UV
27
; both NH4NO3 and 
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PETN (or other explosive material) are soluble in acetonitrile/water solutions (i.e. 77% 
acetonitrile/23% H2O mixture).
27 
We assume the solid-state NO3¯ UV Raman cross section of 
NH4NO3 is the same as that of NaNO3 which has been determined in Chapter 3. We will use the 
templated photonic crystal method described in Chapter 3 to measure the solid-state UV Raman 
cross sections of PETN and other explosive material. These solid-state explosive Raman cross 
sections will be very important for developing explosive detection methods.  
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